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A	  la	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ABSTRACT	  
	  
Cell	  migration	   is	   essential	   during	   a	   variety	   of	   physiological	   events,	   and	   as	   such	   it	   has	  
been	   extensively	   studied	   in	   an	   attempt	   to	   unravel	   the	   details	   of	   its	   mechanisms.	   Cells	  
receive	   information	   from	   the	   environment	   and	   migrate	   accordingly.	   Within	   the	   last	   few	  
decades,	   different	   studies	   have	   evaluated	   the	   effect	   of	   different	   types	   of	   signals	   and	   the	  
way	  in	  which	  they	  regulate	  cell	  migration.	  However,	  cells	  do	  not	  respond	  to	  individual	  cues,	  
but	  they	  are	  constantly	  receiving	  information	  from	  a	  variety	  of	  signals	  in	  vivo.	  One	  particular	  
scenario	  in	  which	  the	  concerted	  action	  of	  multiple	  signals	  is	  thought	  to	  be	  relevant	  is	  during	  
the	   early	   stages	   of	   cancer	   invasion	   and	   metastasis.	   	   Different	   studies	   suggest	   that	   the	  
architecture	  of	  the	  tissue	  surrounding	  the	  tumor	  guides	  the	  migration	  of	  the	  cells	  to	  blood	  
vessels	  in	  the	  vicinity,	  initiating	  the	  metastatic	  cascade.	  Other	  evidence	  suggests	  the	  role	  of	  
a	  variety	  of	  chemokines	   that	  can	  also	  direct	  cancer	  cell	   invasion.	   In	   that	   regard,	   the	  main	  
goal	  of	   this	   research	   is	   to	   analyze	   the	   response	  of	   a	  highly	  metastatic	   cell	   line	   to	   contact	  
guidance	  and	  chemotactic	  signals	  when	  they	  are	  presented	  simultaneously.	  To	  achieve	  this	  
purpose	  we	  develop	  2	  different	  platforms	  that	  combine	  microcontact	  printed	  surfaces	  with	  
the	  Dunn	  chemotaxis	  chamber	  and	  an	  agarose	  sphere	  assay.	  Our	  results	  provide	  evidence	  
to	   suggest	   that	   the	   synergy	  of	   these	   two	   signals	   increases	   the	  efficiency	  of	   cell	  migration	  
during	  metastatic	  invasion.	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1.1 Introduction	  
	  
Cell	  migration	  is	  a	  highly-­‐complex	  cell	  behavior	  with	  relevance	  in	  many	  physiological	  
and	   pathological	   processes,	   from	   the	   earliest	   stages	   of	   human	   development	   to	   the	  
progression	  of	  diseases	   like	  cancer.	  The	  way	  in	  which	  a	  cell	  migrates	   is	  determined	  by	  the	  
nature	  of	  a	  migrational	  cue	  presented	  in	  the	  local	  environment.	  This	  cue	  activates	  signaling	  
pathways	   that	   drive	   changes	   in	   the	   actomyosin	   cytoskeleton.	   If	   the	   cue	   is	   spatially	  
homogeneous,	  migration	   is	   random,	   but	   if	   the	   cue	   is	   spatially	   inhomogeneous,	  migration	  
can	   be	   directed.	   Directional	   cues	   in	   the	   cell’s	  milieu	   are	   diverse	   in	   nature,	   so	   the	   spatial	  
arrangement	   of	   each	   is	   different	   and	   can	   take	   the	   form	   of	   aligned	   fibers	   or	   gradients	   in	  
concentration,	  electric	  field	  or	  mechanics.	  Gradients	  are	  monodirectional	  and	  can	  bias	  cell	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migration	   towards	   a	   particular	   target.	   Aligned	   fibers	   are	   bidirectional	   and	   can	   bias	   cell	  
migration	  longitudinally.	  	  
Because	  of	  its	  critical	  place	  in	  tissue	  (re)organization,	  cell	  migrational	  responses	  as	  well	  
as	   the	   underlying	   signal	   transduction	   and	   cytoskeleton	   dynamics	   have	   been	   studied	  
extensively	  with	  the	  hope	  of	  developing	  effective	  strategies	  to	  prevent,	  diagnose	  and	  treat	  
diseases	   and	   impacting	   regenerative	   medicine	   through	   tissue	   engineering.	   For	   instance,	  
understanding	   how,	   when	   and	   where	   cells	   migrate	   in	   response	   to	   environmental	   cues	  
imaged	  in	  biopsied	  tissue	  sections	  will	  play	  a	  critical	  role	  in	  assessing	  tumor	  progression	  or	  
metastatic	   potential	   (Conklin	   et	   al.,	   2011;	   Dang	   et	   al.,	   2011).	   In	   addition	   to	   cancer	  
diagnostics,	   understanding	   how,	   when	   and	   where	   cells	   migrate	   in	   response	   to	  
environmental	  cues	  presented	  in	  engineered,	  biocompatible	  scaffolds	  will	  play	  a	  critical	  role	  
in	   controlling	   the	   structure	   of	   tissue	   engineered	   constructs	   (Cushing	   and	   Anseth,	   2007;	  
Langer	  and	  Tirrell,	  2004;	   Lutolf	  and	  Hubbell,	  2005;	  Venkatraman	  et	  al.,	  2008),	  particularly	  
when	  multiple	  cells	  must	  be	  organized	  (Tekin	  et	  al.,	  2012).	  
Many	  studies	  have	  focused	  on	  the	  individual	  cues	  that	  cause	  directed	  cell	  migration	  
(Curtis	   and	   Wilkinson,	   1999;	   Iglesias	   and	   Devreotes,	   2008;	   Schneider	   and	   Haugh,	   2006;	  
Singhvi	   et	   al.,	   1994;	   Zhao,	   2009).	   However,	   studies	   that	   address	   cell	   response	   under	   the	  
influence	   of	   multiple	   and	   diverse	   signals	   are	   less	   common	   in	   spite	   of	   their	   relevance	   in	  
physiology.	   For	   instance,	   the	   concerted	   action	   of	   cues	   driving	   cell	   migration	   is	   observed	  
during	   immune	  response	   in	  which	  the	  action	  of	  multiple	  chemoattractants	  directs	  cells	   to	  
specific	   locations	  or	   the	  way	   in	  which	  electric	   signals	  and	   the	  mechanics	  of	   the	   tissue	  act	  
together	  during	  wound	  healing.	  Initial	  work	  in	  this	  regard	  has	  pointed	  to	  several	  interesting	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behaviors	  in	  multi-­‐cue	  environments,	  including	  competition	  and	  cooperation	  between	  cues	  
to	  determine	   the	  migrational	   responses	  of	   cells	  and	   their	   final	   target	   (Lara	  Rodriguez	  and	  
Schneider,	  2013).	  	  
Particularly,	  the	  movement	  of	  cancer	  cells	  into	  tissue	  surrounding	  the	  tumor	  and	  the	  
vasculature	   is	   the	   first	   step	   in	   the	   spread	   of	  metastatic	   cancers	   and	   represents	   a	   unique	  
example	   on	   how	   different	   signals	   act	   simultaneously	   to	   direct	  migration.	   Several	   studies	  
show	  directional	  migration	  of	  cells	  towards	  gradients	  of	  soluble	  factors	  (chemotaxis)	  during	  
the	  dissemination	  of	  cells	  at	  the	  early	  stages	  of	  invasion	  (Roussos	  et	  al.,	  2011;	  Youngs	  et	  al.,	  
1997).	  Moreover,	  evidence	  suggests	  that	  chemotactic	  signals	  are	  important	  in	  homing	  and	  
survival	   throughout	   the	   metastatic	   cascade	   (Gupta	   and	   Massague,	   2006;	   Shields	   et	   al.,	  
2007).	  Interestingly,	  other	  reports	  show	  that	  as	  tumors	  develop	  they	  induce	  changes	  in	  the	  
surrounding	   tissue	   that	   facilitate	   cell	   invasion.	   Specifically,	   contact	   guidance	   cues	   in	   the	  
form	   of	   fibrillar	   collagen	   are	   deposited	   by	   stromal	   cells	   while	   other	   cells	   degrade	   the	  
extracellular	  matrix	   to	   create	   tube-­‐like	  microtracks	   that	   drive	   cancer	   cell	   invasion	   locally	  
(Goetz	  et	  al.,	  2011;	  Keely,	  2011;	  Kraning-­‐Rush	  et	  al.,	  2013).	  	  
Much	   work	   in	   this	   area	   has	   contributed	   to	   the	   understanding	   of	   cancer	   cell	  
migration	   as	   the	   crucial	   step	   during	   metastasis	   and	   as	   such,	   a	   possible	   target	   for	   the	  
development	  of	  improved	  tools	  for	  diagnostics	  and	  treatment	  options.	  However,	  the	  details	  
of	  how	  cancer	  cells	  interact	  with	  a	  complex	  microenvironment	  in	  which	  multiple	  signals	  are	  
presented	  simultaneously	  are	  far	  from	  clear.	  In	  order	  to	  predict	  cell	  migration	  responses	  in	  
complex	  and	  dynamic	  environments	   like	  the	  tumor	  stroma,	   it	   is	   imperative	  to	  understand	  
how	  these	  cells	  integrate	  migrational	  information	  from	  multiple	  cues.	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Interestingly,	  over	  the	  last	  few	  decades	  the	  number	  of	  studies	  conducted	  to	  address	  
cell	  response	  to	  single	  directional	  cues	  is	  around	  8000.	  Comparatively,	  18	  reports	  examining	  
multi-­‐cue	  directional	  migration	  can	  be	  found	  in	  literature,	  and	  only	  3	  addressed	  the	  action	  
of	   contact	   guidance	   and	   chemotaxis,	  mostly	   during	   immune	   response.	   Strikingly,	   none	  of	  
them	  evaluate	  multiple	  signals	  in	  the	  context	  of	  cancer	  invasion	  and	  metastasis.	  Given	  that	  
an	   understanding	   of	   how	   contact	   guidance	   and	   chemotaxis	   is	   critical	   for	   a	   proper	   cancer	  
diagnosis	  and	  the	  relatively	  small	  number	  of	  reports	  examining	  both	  of	  these	  behaviors,	  we	  
will	  quantitatively	  characterize	  the	  migratory	  responses	  of	  breast	  cancer	  cells	  (MDA-­‐MB231)	  
to	   either	   contact	   guidance	   or	   chemotactic	   cues.	   Then,	   our	   main	   goal	   is	   to	   design	   and	  
fabricate	   platforms	   that	   allow	   presentation	   of	   both	   of	   these	   signals	   simultaneously	   to	  
analyze	  the	  migrational	  responses	  of	  cancer	  cells.	  By	  doing	  so,	  we	  expect	  to	  determine	  how	  
multiple	  directional	  cues	  regulate	  cancer	  cell	  migration	  and	  how	  signals	  either	  compete	  or	  
cooperate	  to	  drive	  migration	  from	  the	  tumor.	  	  
	  
1.2 Different	  Modes	  of	  Migration	  
	  
Eukaryotic	   cells	   share	   common	   mechanisms	   that	   lead	   to	   migration.	   These	  
mechanisms	   have	   been	   organized	   into	  what	   is	   commonly	   referred	   to	   as	   the	   cell	  motility	  
cycle.	   This	   cycle	   begins	   with	   cell	   body	   polarization	   and	   protrusion	   in	   the	   direction	   of	  
migration	  (Ridley	  et	  al.,	  2003).	  The	  protrusion	  physically	  interacts	  with	  the	  ECM,	  clustering	  
cell	  surface	  receptors	  called	  integrins	  and	  forming	  adhesions	  (Parsons	  et	  al.,	  2010).	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Adhesions	  mechanically	  couple	  the	  ECM	  to	  the	  cytoskeleton	  and	  provide	  a	  scaffold	  
that	   can	   activate	   intracellular	   signaling	   networks	   (Lauffenburger	   and	   Horwitz,	   1996).	  
Tension	   in	   the	   cytoskeleton	   is	   generated	   by	  myosin	   II	   activity	   and	   is	   transmitted	   through	  
adhesions	   (Gardel	   et	   al.,	   2010).	   Through	   careful	   coordination	   between	   protrusion	   at	   the	  
front	  of	  the	  cell	  and	  attachment	  at	  the	  rear,	  retraction	  follows	  and	  the	  trailing	  edge	  slides	  
forward	   (Li	   et	   al.,	   2005).	   An	   additional	   step	   of	   proteolytic	   cleavage	   of	   the	   dense	   ECM	   is	  
required	  in	  most	  3D	  matrices.	  
	  
Cells	   move	   either	   individually	   or	   collectively	   (Friedl	   and	   Wolf,	   2009)	   and	   these	  
modes	   of	   migration	   function	   in	   different	   biological	   contexts.	   For	   instance,	   individual	   cell	  
migration	   drives	   cell	   trafficking	   and	   immune	   function	   (Phillipson	   and	   Kubes,	   2011),	  
collective	   cell	   migration	   governs	   development	   and	   organogenesis	   (Prasad	   and	   Montell,	  
2007;	   Rorth,	   2012),	   and	   either	   individual	   or	   collective	   cell	   migration	   promotes	   cancer	  
invasion	   and	  metastasis	   (Wolf	   et	   al.,	   2007).	   Individual	   cell	  migration	   can	   be	   described	   as	  
amoeboid	   (proteinase	   independent	   and	   contractility	   dependent)	   or	   mesenchymal	  
(proteinase	   dependent	   and	   contractility	   independent).	   In	   contrast	   to	   individual	   cell	  
migration,	   collective	   cell	   migration	   occurs	   when	   cells	   adhere	   strongly	   to	   each	   other	   and	  
move	  as	  a	  group	   (Friedl	  and	  Gilmour,	  2009;	   Ilina	  and	  Friedl,	  2009).	  When	  cells	   transiently	  
interact	  through	  cell–cell	  contacts,	  cell	  streaming	  occurs	  and	  represents	  a	  mixed	  phenotype	  
consisting	   of	   characteristics	   of	   both	   individual	   and	   collective	   cell	  migration.	   Although	   the	  
underlying	  processes	  mentioned	  in	  the	  previous	  paragraph	  are	  used	  during	  both	  individual	  
and	   collective	   cell	   migration,	   noticeable	   differences	   exist.	   First,	   during	   collective	   cell	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migration	   the	  maintenance	   of	   cell–cell	   adhesion	   can	   hinder	   the	  migratory	   activity	   of	   the	  
cells	  inside	  the	  group,	  but	  does	  not	  seem	  to	  affect	  a	  certain	  population	  of	  cells	  involved	  in	  
translocating	   the	   group.	   Second,	   during	   collective	  migration	   certain	   cells	   are	   selected	   for	  
specialized	   functions	   resulting	   in	  or	  caused	  by	  differences	   in	  gene	  expression	   (del	  Toro	  et	  
al.,	  2010),	  signal	  transduction	  (Omelchenko	  et	  al.,	  2003)	  and	  actomyosin	  dynamics	  (Lim	  et	  
al.,	  2010).	  These	  different	  cells	  are	  often	  referred	  to	  as	   leader	  or	  tip	  and	  follower	  or	  stalk	  
cells	  and	  are	  important	  during	  processes	  such	  as	  angiogenesis	  (Blanco	  and	  Gerhardt,	  2013).	  
The	   tissue	   environment	   and	   cell	   state	   define	   whether	   cells	   migrate	   individually	   or	  
collectively.	  While	  collective	  migration	  certainly	  is	  important	  and	  is	  no	  doubt	  driven	  by	  the	  
environmental	  factors,	  the	  primary	  focus	  of	  this	  research	  is	  individual	  cell	  migration.	  
	  
In	  the	  absence	  of	  a	  directional	  cue	  and	  over	  timescales	  longer	  than	  the	  timescale	  of	  
polarization	   the	   processes	   of	   protrusion,	   adhesion,	   contraction,	   traction	   generation,	  
retraction	  and	  proteolysis	  occur	  randomly	  throughout	  the	  cell.	  Additionally,	  if	  a	  migrational	  
cue	   is	   homogeneously	   distributed,	   the	   rates	  of	   these	  processes	   can	   increase.	  However,	   if	  
there	   is	   a	   directional	   cue,	   these	   processes	   can	   be	   biased	   in	   particular	   regions	   of	   the	   cell	  
leading	  to	  directed	  migration.	  
	  
1.3 Random	  Cell	  Migration	  	  
	  
Different	   mathematical	   models	   have	   been	   proposed	   to	   describe	   random	   cell	  
migration.	  For	  instance,	  the	  movement	  of	  single	  cells	  has	  been	  analyzed	  using	  a	  persistent	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random	  walk	  model,	  which	  assumes	  that	  the	  mean	  squared	  displacement	  depends	  only	  on	  
speed	  (S)	  and	  persistence	  time	  (P).	  Speed	  is	  the	  displacement	  over	  a	  short	  time	  interval	  and	  
persistence	  time	  characterizes	  the	  average	  time	  over	  which	  changes	  in	  direction	  and	  speed	  
are	  insignificant	  (Othmer	  et	  al.,	  1988).	  A	  recent	  publication	  suggests	  that	  cell	  on	  3D	  matrices	  
do	  not	   follow	  a	   random	  walk,	  but	   instead	   their	  movement	  has	   to	  be	  modeled	   taking	   into	  
account	  cell	  heterogeneity	  and	  the	  anisotropic	  movements	  induced	  by	  local	  remodeling	  of	  
the	   3D	  matrix	   (Wu,	   2014).	   	   The	   speed	   and	   persistence	   time	   can	   be	   combined	   to	   form	   a	  
random	  motility	  coefficient	  (µ),	  which	  is	  analogous	  to	  a	  diffusion	  coefficient.	  Alternatively,	  
cell	  migration	  has	  been	  characterized	  by	  run	  and	  tumble	  models,	  where	  cell	  trajectories	  are	  
modeled	  as	  an	  alternating	  random	  sequence	  of	  movements	  in	  which	  changes	  in	  directions	  
can	   be	   gradual	   or	   abrupt.	   Run	   and	   tumble	   movement	   is	   characterized	   by	   tumbling	  
frequency	  (f),	  run	  duration	  (trun)	  and	  turn	  angle	  (θ)	  (Potdar	  et	  al.,	  2009).	  A	   list	  of	  common	  
approaches	   to	   quantifying	   random	   migration	   is	   presented	   in	   Table	   1.	   All	   of	   these	  
parameters	   are	   seen	   as	   constants	   under	   a	   given	   set	   of	   conditions.	   However,	   when	  
extracellular	  cues	  are	  presented	  uniformly	  and	  at	  different	  concentrations,	  they	  impact	  cell	  
migration	  by	  changing	  the	  above	  parameters.	  
	  
The	  effects	  of	  uniform	  doses	  of	  migrational	  cues	  on	  random	  cell	  motility	  have	  been	  
widely	  studied.	  For	  instance,	  a	  biphasic	  dependence	  of	  cell	  migration	  speed	  on	  the	  density	  
of	   ECM,	   such	   as	   fibronectin	   or	   collagen	   has	   been	   observed	   (Dimilla	   et	   al.,	   1993;	   Palecek,	  
1997).	  At	   low	  ECM	  density,	  cells	  adhere	  weakly	  and	  cannot	  gain	  traction,	  whereas	  at	  high	  
ECM	  density,	  cells	  adhere	  strongly	  and	  cannot	  overcome	  the	  adhesion	  through	  intracellular	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contraction.	  This	  optimal	  ECM	  density	  can	  be	  altered	  by	  tuning	  integrin	  affinity	  or	  number	  
and	  drives	  optimal	  migration	  speed	  through	  a	  specific	  structural	  and	  dynamic	  organization	  
of	   adhesions	   and	   the	   actin	   cytoskeleton	   (Gupton	   and	   Waterman-­‐Storer,	   2006).	  
Consequently,	   tuning	   the	   structure	   and	   dynamic	   organization	   of	   the	   adhesions	   and	   actin	  
cytoskeleton	  either	  by	  pharmacological	   inhibitors	  of	  contractility	  or	  through	  the	  ECM	  with	  
different	  mechanical	  properties	   can	   change	   the	  ECM	  density	   that	  gives	  optimal	  migration	  
speed.	  If	  contractility	  is	  decreased	  the	  optimal	  ECM	  coverage	  occurs	  at	  lower	  densities	  and	  
if	   contractility	   is	   increased	   the	   optimal	   ECM	   coverage	   occurs	   at	   higher	   densities	   (Gupton	  
and	   Waterman-­‐Storer,	   2006).	   Conversely,	   at	   one	   ECM	   density	   there	   exists	   an	   optimal	  
substrate	   stiffness,	  which	   leads	   to	  an	  optimal	   level	  of	   contractility,	   resulting	   in	  a	  maximal	  
migration	  speed	  (Peyton	  and	  Putnam,	  2005).	  Similar	  biphasic	  observations	  have	  been	  noted	  
when	  studying	  cell	  response	  to	  a	  uniform	  concentration	  of	  soluble	  factors,	  such	  as	  growth	  
factors	  (AnandApte	  and	  Zetter,	  1997;	  Hou	  et	  al.,	  2012;	  Seppa	  et	  al.,	  1982).	  Growth	  factors	  
not	  only	  control	  adhesion	  and	  contractility	  and	  thus	  can	  influence	  migration	  in	  a	  similar	  way	  
to	  ECM	  density	  or	  mechanics,	  but	  also	  increase	  protrusion	  rates	  as	  well	  (Harms	  et	  al.,	  2005;	  
Maheshwari	  et	  al.,	  1999).	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Table	  1.1	  Quantitative	  parameters	  that	  describe	  extracellular	  cues	  and	  cell	  migration	  
Type	  of	  
migration	   Cue	  parameters	   Cell	  parameters	  
Random	   CECM	  [=]	  μmol	  μm−2:	  ECM	  concentration	   〈d2(t)〉	  =	  ndS2P(t	  −	  P(1	  −	  e(t/P)))	  
Csol	  [=]	  μM:	  soluble	  factor	  concentration	   d	  [=]	  μm,	  displacement	  
E:	  Young's	  modulus	   nd	  [=]	  1,	  number	  of	  dimensions	  
	  	  
	  	  
	  	  
	  	  
	  	  
	  	  
	  	  
	  	  
	  	  
S	  [=]	  μm	  min−1,	  migration	  speed	  
P	  [=]	  min,	  persistence	  time	  
	  
D	  [=]	  μm2	  min−1,	  motility	  
coefficient	  
f	  [=]	  s−1,	  tumbling	  frequency	  
trun	  [=]	  s,	  run	  duration	  
θrandom	  [=]	  rad,	  turn	  angle	  
distribution	  
	  
MI	  [=]	  1,	  migration	  index	  
	  	  
Contact	  
guidance	  
ρ	  [=]	  μm−2	  or	  #	  μm−3,	  fiber	  density	   DI	  =	  〈cos 2 〉	  
σfiber2	  [=]	  (μm−2)2	  or	  (#	  μm−3)2,	  degree	  of	  
alignment	  or	  a	  parameter	  that	  describes	  
fiber	  angle	  distribution	  like	  standard	  
deviation	  
DI	  [=]	  1,	  directionality	  index	  
dfiber	  [=]	  μm,	  fiber	  diameter	  
	  
Δn	  [=]	  1,	  birefringence	   DA	  [=],	  anisotropic	  motility	  
coefficient	  
	  	  
	  	  
Dx	  and	  Dy	  [=]	  μm2	  min−1,	  motility	  
coefficient	  in	  a	  particular	  direction	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Type	  of	  
migration	   Cue	  parameters	   Cell	  parameters	  
MIx	  and	  MIy	  [=]	  1,	  migration	  index	  
in	  a	  particular	  direction	  
	  	  
Chemotaxis	   〈C〉	  [=]	  μM,	  mean	  solute	  concentration	  CI	  =	  〈cos 〉	  ∇C	  [=]	  μM	  μm−1,	  gradient	  steepness	   CI	  [=]	  1,	  chemotactic	  index	  
	  	  
	  	  
	  	  
χ	  [=]	  μm2	  min−1	  μM,	  chemotactic	  
coefficient	  
CP	  =	  esin 2 	  
CP	  [=]	  1,	  compass	  parameter	  
	  	  
Haptotaxis	   〈Γ〉	  [=]	  μM,	  mean	  ECM	  concentration	   HI	  =	  〈cos 〉	  ∇Γ	  [=]	  μM	  μm−1,	  gradient	  steepness	   HI	  [=]	  1,	  haptotactic	  index	  
	  	   Sh	  [=]	  μm	  min−1,	  drift	  velocity	  
	  	  
Galvanotaxis	   〈E〉	  [=]	  μM,	  mean	  electric	  field	  
strength	  
EI	  =	  〈cos 〉	  
∇E	  [=]	  μM	  μm−1,	  gradient	  steepness	   EI	  [=]	  1,	  electrotactic	  index	  
	  	   Se	  [=]	  μm	  min−1,	  drift	  velocity	  
	  	  
Durotaxis	   〈G〉	  [=]	  μM,	  mean	  stiffness	   GI	  =	  〈cos 〉	  ∇G	  [=]	  μM	  μm−1,	  gradient	  steepness	   GI	  [=]	  1,	  durotactic	  index	  
	  	   Sg	  [=]	  μm	  min−1,	  drift	  velocity	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Understanding	   how	   cell	   migratory	   parameters	   such	   as	   cell	   speed	   depend	   on	   the	  
ECM	  properties	  or	  concentration	  of	  soluble	  factors	  provides	  some	  general	  principles	  of	  cue-­‐
mediated	  random	  cell	  migration	  that	  can	  be	  applied	  to	  directed	  cell	  migration.	  For	  instance,	  
ranges	  of	  ECM	  density,	   stiffness	  or	   soluble	   factor	  concentration	   that	  constitute	  significant	  
migrational	   speed	   when	   cues	   are	   presented	   homogeneously	   apply	   when	   presented	  
inhomogeneously.	  While	   directed	   cell	  migration	   undoubtedly	   uses	   the	   cell	  motility	   cycle,	  
signaling	   pathways	   and	   the	   cytoskeleton,	   additional	   parameters	   must	   be	   defined	   to	  
describe	  the	  spatial	  distribution	  of	  cue	  and	  bias	  in	  migration	  (Table	  1).	  Additionally,	  directed	  
migration	   requires	   more	   sophisticated	   approaches	   that	   allow	   for	   the	   control	   over	   the	  
presentation	  of	  pro-­‐migratory	  cues.	  
	  
1.4 Directed	  Cell	  Migration	  
	  
When	   a	   cell	   is	   under	   the	   influence	   of	   a	   spatially	   inhomogeneous	   cue,	   the	   basic	  
motility	  machinery	   is	  activated	   in	  a	  biased	  fashion	   leading	  to	  directed	  migration	  (Petrie	  et	  
al.,	  2009).	  The	  nature	  of	  the	  environmental	  cue	  defines	  the	  type	  of	  directed	  cell	  migration	  
(Figure	   1.1	   a).	   Contact	   guidance	   usually	   describes	   migration	   along	   the	   long	   axis	   of	   ECM	  
fibers.	   On	   the	   other	   hand,	   haptotaxis,	   durotaxis	   (mechanotaxis),	   chemotaxis	   and	  
galvanotaxis	  (electrotaxis)	  is	  the	  directed	  migration	  in	  response	  to	  gradients	  in	  ECM	  density,	  
ECM	   mechanical	   properties,	   soluble	   factor	   concentration	   and	   electric	   field,	   respectively.	  
These	  diverse	   types	  of	  directed	  cell	  migration	  are	  utilized	  under	  various	  physiological	  and	  
pathological	  processes.	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For	   instance,	   contact	   guidance	   is	   relevant	   in	   a	   variety	   of	   situations	   in	   vivo.	  During	  
wound	   healing	   fibroblasts	   migrate	   efficiently	   along	   collagen	   or	   fibronectin	   fibers	   in	  
connective	  tissues	  (Barocas	  and	  Tranquillo,	  1997;	  Doyle	  et	  al.,	  2009;	  Rhee	  et	  al.,	  2010)	  and	  
recent	   evidence	   has	   shown	   that	   ECM	   remodeling	   leading	   to	   aligned	   fibers	   of	   collagen	  
oriented	  radially	  from	  the	  tumor	  is	  a	  good	  prognostic	  indicator	  of	  tumor	  invasive	  potential	  
(Provenzano	   et	   al.,	   2006;	   Provenzano	   et	   al.,	   2009).	   The	   most	   well-­‐established	   role	   for	  
haptotaxis	   in	  vivo	   is	   in	  T	   lymphocyte	  recruitment	  on	  endothelial	  cells	   to	  sites	  of	   infection.	  
This	   occurs	   through	   sensing	   gradients	   in	   endothelial	   surface	   adhesion	   proteins	   such	   as	  
PECAM-­‐1	   (Zocchi	   et	   al.,	   1996).	  Haptotaxis	   has	   also	  been	   tenuously	   linked	   to	   angiogenesis	  
and	   cancer	   invasion	   through	   gradients	   in	   collagen	   and	   laminin	   (Herbst	   et	   al.,	   1988;	  
McCarthy	   et	   al.,	   1983).	   Durotaxis	   or	   mechanotaxis	   may	   be	   important	   in	   blood	   vessel	  
development.	   In	  addition,	   there	  appears	   to	  be	  a	  clear	   relationship	  between	  ECM	  stiffness	  
and	   cancer	   progression	   (Paszek	   et	   al.,	   2005).	   However,	   the	   dependence	   on	   gradients	   in	  
mechanical	  properties	  per	  se	  has	  also	  not	  been	  well	  established.	  Chemotaxis	  on	  the	  other	  
hand	   has	   been	   largely	   implicated	   in	   wound	   healing,	   immune	   response	   and	   cancer	  
metastasis.	   Degranulating	   platelets	   are	   known	   to	   secret	   platelet-­‐derived	   growth	   factor	  
(PDGF)	  that	  diffuses	  from	  the	  provisional	  clot	  into	  the	  surrounding	  tissue,	  recruiting	  dermal	  
fibroblasts	  who	  chemotax	  in	  response	  to	  PDGF	  (Seppa	  et	  al.,	  1982).	  In	  addition,	  neutrophils	  
migrate	   up	   gradients	   of	   fMLP,	   a	   peptide	   released	   by	   bacteria	   during	   immune	   response	  
(Schiffmann	   et	   al.,	   1975).	   Finally,	   researchers	   have	   recently	   established	   a	   paracrine	   loop	  
between	  certain	  cancer	  cells	  and	  immune	  cells	  whereby	  each	  secretes	  chemoattractants	  for	  
each	  other	  (Wyckoff	  et	  al.,	  2004).	  Consequently,	  cancer	  cells	  have	  been	  shown	  to	  migrate	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towards	   and	   into	   the	   tip	   of	   a	   pipette	   releasing	   epidermal	   growth	   factor,	   a	   known	  
chemoattractant	   for	   breast	   cancer	   cells	   (Bailly	   et	   al.,	   2000;	   Wyckoff	   et	   al.,	   2004).	  
Galvanotaxis	   (electrotaxis)	   has	   been	   implicated	   in	   wound	   repair	   as	   well.	   Evidence	   shows	  
that	   the	   disruption	   of	   epithelial	   layers	   that	   surround	   organs	   or	   compose	   the	   epidermis	  
generates	  a	  steady	  voltage	  across	   the	  wound	  site	  and	  consequently	  a	   lateral	  electric	   field	  
(Nuccitelli,	  2003),	  suggesting	  that	  cells	  electrotax	  during	  the	  initiation	  of	  tissue	  regeneration	  
processes.	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	   	   1.1	   Diversity	   in	   directed	   cell	   migration	   and	   ways	   in	   which	   directional	   cues	   can	  
either	  cooperate	  or	  compete.	  (a)	  Cell	  migration	  can	  be	  directed	  either	  by	  ECM,	  
soluble	   factors	   or	   electric	   field	   transmitted	   by	   ion	   flow.	   These	   directional	   cues	  
can	   either	   be	   monodirectional	   or	   bidirectional	   and	   bias	   migration	   based	   on	  
either	   alignment	  of	   fibers	  or	   gradients	   in	   ECM	  density,	   stiffness,	   soluble	   factor	  
concentration	   or	   electric	   field.	   (b)	   While	   contact	   guidance	   is	   bidirectional,	   all	  
other	  forms	  of	  taxis	  are	  monodirectional.	  In	  addition,	  these	  cues	  can	  be	  oriented	  
differently	  to	  either	  cooperate	  or	  compete.	  
	  
a b 
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1.4.1 Contact	  Guidance	  
Contact	  guidance	  has	  been	  shown	  to	  drive	  migration	  through	  topographical	  features	  
of	   the	  ECM	  (Curtis	  and	  Wilkinson,	  1997).	  Most	  commonly,	  contact	  guidance	  describes	  the	  
directed	  migration	  biased	  by	   aligned	   fibers	   or	   fiber-­‐like	   geometries.	   First	   evidence	  of	   this	  
phenomena	  was	  noted	  by	  Weiss	  (Weiss,	  1959)	  in	  connective-­‐tissue	  cells	  cultured	  on	  fibers,	  
grooves	   or	   strand	   architectures.	   Contact	   guidance	   is	   driven	   by	   the	   fiber	   density	   and	   the	  
degree	  of	  alignment	  measured	  as	  a	  distribution	  of	  cell-­‐bound	  fiber	  angles.	  If	  the	  distribution	  
is	   large,	  cells	  will	  have	  a	  more	  difficult	  time	  interpreting	  the	  mean	  angle	  of	  orientation.	  At	  
low	  degrees	  of	  alignment,	  the	  fibers	  are	  isotropically	  oriented	  and	  random	  migration	  should	  
occur	  separate	  from	  fiber	  density.	  At	  some	  threshold	  of	  degree	  of	  orientation,	  cells	  should	  
sense	   the	   directional	   cue	   and	   bias	   their	  migration	   towards	   that	   orientation.	   Individual	   or	  
perfectly	   aligned	   fibers	   or	   fiber-­‐like	   structures	   can	   very	   persistently	   orient	   cell	   migration	  
(Doyle	  et	  al.,	  2009)	  with	  migration	  speed	  highly	  dependent	  on	  the	  type	  of	  contact	  guiding	  
cue.	   What	   is	   not	   known	   is	   if	   a	   threshold	   in	   degree	   of	   alignment	   is	   needed	   for	   biased	  
migration	   and	   how	   the	   contact	   guidance	   index	   differs	   as	   a	   function	   of	   the	   degree	   of	  
alignment,	  two	  important	  questions	  given	  fibers	  are	  not	  usually	  perfectly	  aligned	  in	  vivo.	  In	  
addition,	  fiber	  orientation	  thresholds	  for	  contact	  guidance	  are	  most	  likely	  functions	  of	  fiber	  
density.	   Indeed,	   migration	   studies	   carried	   out	   using	   microcontact	   printing	   suggest	   that	  
directed	  migration	  might	  rely	  on	  the	  spacing	  of	  binding	  sites	  along	  the	   length	  of	   the	   fiber	  
with	  respect	  to	  the	  fiber-­‐to-­‐fiber	  spacing	  (Xia	  et	  al.,	  2008).	  The	  mechanism	  of	  sensing	  fiber	  
direction	   most	   likely	   occurs	   at	   the	   level	   of	   alignment	   of	   focal	   adhesions	   and	   the	   actin	  
cytoskeleton.	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Different	   approaches	  have	  been	   reported	   to	  present	   contact	   guidance	   signals,	   but	  
most	   seek	   to	   generate	   fiber	   or	   fiber-­‐like	   topology.	   Microcontact	   printing	   is	   a	   protein	  
deposition	  technique	  that	  can	  be	  used	  to	  transfer	  2D	  patterns	  onto	  a	  surface.	  Patterns	  can	  
be	  made	  to	  print	  lines	  of	  ECM	  and	  this	  technique	  has	  been	  used	  extensively	  to	  characterize	  
cell	   orientation	   and	  migration	   (Csucs	   et	   al.,	   2007;	   Doyle	   et	   al.,	   2009;	   Oneill	   et	   al.,	   1990;	  
Rossier	  et	  al.,	  2010).	  However,	   lines	  of	  ECM	  do	  not	  completely	  recapitulate	  fiber	  structure	  
and	  the	  degree	  of	  alignment	  of	  fibers	  cannot	  be	  easily	  tuned,	  so	  other	  methods	  have	  been	  
employed	  including	  electrospinning	  (Bashur	  et	  al.,	  2006;	  Matthews	  et	  al.,	  2002)	  and	  other	  
fiber	   forming	   techniques	   (Nain	   et	   al.,	   2008).	   These	   techniques	   allow	   for	   the	   control	   over	  
fiber	   orientation	   and	   can	   be	   used	  with	   ECM	   polymers	   like	   collagen.	   In	   addition	   to	   these	  
techniques,	  collagen	  fibers	  can	  be	  deposited	  as	  a	  thin	  film	  or	  epitaxially	  grown	  on	  mica	  to	  
generate	  oriented	  fiber	  fields	  (Jiang	  et	  al.,	  2004;	  Leow	  and	  Hwang,	  2011;	  Smith	  et	  al.,	  2007).	  
Finally,	   techniques	   to	   orient	   fibers,	   particularly	   collagen	   fibers	   in	   3D	  matrices	   have	   been	  
developed	  and	  use	  magnetic	  fields	  or	  flow	  for	  fiber	  alignment	  (Guido	  and	  Tranquillo,	  1993;	  
Guo	  and	  Kaufman,	  2007;	  Koster	  et	  al.,	  2007).	  
	  
1.4.2 Haptotaxis	  
Haptotaxis	   or	   biased	  migration	   in	   response	   to	   surface	  bound	   ligand	   gradients	  was	  
first	   established	   in	  mouse	   fibroblasts	   (Carter,	   1967).	   As	  mentioned	   previously,	   the	  mean	  
ECM	   concentration	   has	   a	   tremendous	   influence	   on	   the	   level	   of	   integrin-­‐ECM	   adhesive	  
interaction,	  which	  controls	  cell	  migration	  speed	   (Huttenlocher	  and	  Horwitz,	  2011;	  Palecek	  
et	  al.,	  1997).	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  Consequently,	  while	  the	  gradient	  steepness	  affects	  the	  degree	  to	  which	  migration	  is	  
biased,	   the	   average	   ECM	   density	   regulates	  migration	   speed	   setting	   concentration	   ranges	  
that	  produce	  the	  fastest	  migration	  speeds.	  A	  recent	  study	  showed	  that	  the	  drift	  velocity	  of	  
cells	   on	   well-­‐defined	   haptotactic	   gradients	   increased	   linearly	   with	   fibronectin	   gradient	  
magnitude	  (Smith	  et	  al.,	  2006).	  Additionally,	  the	  threshold	  for	  gradient	  sensing	  was	  ~3-­‐20%	  
with	  saturation	  in	  directionality	  occurring	  at	  30-­‐60%.	  
	  
Throughout	  the	  years,	  new	  methods	  to	  modify	  surfaces	  and	  generate	  gradients	  have	  
been	   developed.	   Early	   studies	   use	   Boyden	   chambers	   that	   allowed	   the	  migration	   of	   cells	  
across	  a	  porous	  membrane	  previously	  coated	  with	  ECM	  proteins	  on	  its	  lower	  side	  (Herbst	  et	  
al.,	   1988;	  McCarthy	  et	  al.,	   1983).	  However,	  Boyden	  chambers	  have	   lost	  popularity	  due	   to	  
the	   inadequate	   control	   of	   surface	   concentration	   and	   the	   indirect	   measurement	   of	   cell	  
migration.	  Alternatively,	  other	  reports	  explore	  the	  use	  of	  self-­‐assembled	  monolayers	  (SAMs)	  
to	  photo	   immobilize	   ligands	   (Herbert	  et	  al.,	  1997;	  Morgenthaler	  et	  al.,	  2003;	  Slater	  et	  al.,	  
2011)	  or	  polymer	  brushes	  to	  control	  ligand	  deposition	  (Wu	  et	  al.,	  2012b).	  The	  development	  
of	  microfluidics	   and	  micro	   fabrication	   technologies	   has	   fostered	   their	   implementation	   to	  
generate	   surfaces	  with	   a	   gradient	   of	   ECM	  bound	   proteins	   (Jeon	   et	   al.,	   2000;	   Jiang	   et	   al.,	  
2005).	   Very	   recently,	   adhesive	   gradients	   were	   also	   fabricated	   in	   scaffolds	   of	   electrospun	  
fibers	  by	  modulating	  the	  rate	  and	  concentration	  of	  polymer	  solution	  and	  adhesive	  peptide	  
incorporated	  during	  fabrication	  (Sundararaghavan	  and	  Burdick,	  2011).	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1.4.3 Durotaxis	  (Mechanotaxis)	  
Durotaxis	   (mechanotaxis)	   corresponds	   to	   directed	   migration	   towards	   regions	   of	  
increased	   stiffness	   (Lo	   et	   al.,	   2000).	   Both	   stiffness	   magnitude	   and	   gradient	   drive	   cell	  
migration.	  As	  detailed	  previously,	  the	  link	  between	  the	  stability	  of	  focal	  adhesions	  and	  the	  
ECM	  stiffness	  was	  shown	  by	  studies	  examining	  random	  migration.	  This	  most	  likely	  leads	  to	  
optimal	   migration	   speeds	   at	   intermediate	   stiffness.	   However,	   the	   relation	   between	   a	  
stiffness	   gradient	   and	   directed	   cell	   migration	   has	   not	   been	   explored	   until	   very	   recently,	  
based	   on	   experiments	   in	   which	   on	   polyacrylamide	   substrates	   with	   an	   induced	   stiffness	  
gradient	  migrated	  consistently	  in	  the	  direction	  of	  increased	  stiffness.	  
To	   generate	   the	   stiffness	   gradient,	   polyacrylamide	   gels	   with	   different	   amounts	   of	  
crosslinking	  agent	  but	  equal	  chemical	  composition	  have	  been	  used	  (Lo	  et	  al.,	  2000;	  Tse	  and	  
Engler,	   2011).	   In	   these	   experiments,	   stronger	   traction	   forces	   on	   stiff	   substrates	   led	   to	  
retraction	  when	  the	  cell	  encountered	  soft	  substrates.	  Moreover,	  epithelial	  cells	  cultured	  on	  
microfabricated	  substrates	   that	  exhibit	  anisotropic	   stiffness	   (one	  direction	  stiffer	   than	   the	  
other)	  were	  oriented	  and	  migrated	  in	  the	  direction	  of	  greater	  stiffness	  (Saez	  et	  al.,	  2007).	  It	  
was	   concluded	   that	   the	   anisotropic	   growth	   (and	   consequently	   migration)	   of	   cells	   was	  
correlated	  with	  the	  mapping	  of	  the	  mechanical	  traction	  forces	  exerted	  by	  the	  cell	  and	  the	  
actin	   cytoskeleton	  orientation.	  However,	  unlike	  haptotaxis,	  much	   less	   is	   known	  about	   the	  
degree	   of	   migrational	   bias	   as	   a	   function	   of	   the	   steepness	   of	   the	   gradient	   in	   mechanical	  
properties.	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1.4.4 Chemotaxis	  	  
Chemotaxis	  is	  the	  phenomenon	  by	  which	  the	  cell	  migrates	  up	  a	  gradient	  of	  soluble	  
factor	   (Devreotes	  and	  Zigmond,	  1988).	   In	  a	   similar	  way	   to	  haptotaxis,	   chemotaxis	   is	  most	  
efficient	   at	   intermediate	   concentrations	   of	   chemoattractant.	   This	   intermediate	  
concentration	   is	   related	   to	   the	  Kd	   of	   the	   receptor	   and	   is	   near	   the	   saturation	  point	   of	   the	  
signal	   transduction	   cascade	   (Schneider	   and	   Haugh,	   2005;	   Schneider	   and	   Haugh,	   2006;	  
Zigmond,	  1977).	  In	  addition,	  some	  cells	  like	  neutrophils	  are	  exquisitely	  sensitive	  to	  shallow	  
chemoattractant	   gradients	   around	   1-­‐2%	   (Zigmond,	   1977).	   Whereas	   other	   cells	   like	  
fibroblasts	   are	   less	   sensitive	   (Schneider	   and	   Haugh,	   2005).	   This	   is	  most	   likely	   due	   to	   the	  
different	  ligand-­‐receptor	  pairs,	  which	  determine	  the	  response	  of	  the	  signaling	  network.	  This	  
response	  might	   include	  adaptation	  and	  cooperativity	  or	  ultrasensitivity	   to	   ligand	  doses.	   In	  
addition	   to	   the	   steepness	   and	   midpoint	   concentration	   of	   chemoattractant	   gradients,	  
nonlinearity	   in	   gradient	   shape	  may	   also	   effect	   the	   efficiency	   of	   chemotaxis	   (Wang	   et	   al.,	  
2004).	  
Boyden,	   Zigmond	  and	  Dunn	   chambers	  were	   initially	   conceived	  using	   a	   source/sink	  
design	   in	  which	  chemotaxis	   is	   characterized	  by	  either	  observing	  cell	  motion	  or	  measuring	  
the	  net	  movement	  of	  cells	  towards	  the	  source	  (Boyden,	  1962;	  Zicha	  et	  al.,	  1997;	  Zigmond,	  
1977).	  Other	  methods	   generated	   gradients	   using	  micropipettes	   (Adler,	   1966;	   Bailly	   et	   al.,	  
1998),	   under-­‐agarose	   assays	   (Nelson	   et	   al.,	   1975)	   or	   release	   of	   chemoattractant	   from	  
microspheres	  (Zhao	  et	  al.,	  2005).	  However,	  many	  of	  these	  methods	  generate	  either	  poorly	  
controlled	   gradients	   and/or	   gradients	   that	   change	   over	   time.	  Microfluidic	   platforms	   have	  
emerged	  as	  controllable	  microdevices	  to	  be	  used	  in	  chemotaxis	  studies	  (Chung	  et	  al.,	  2007;	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Kim	  et	  al.,	  2010).	  Microfluidic	  systems	  allow	  the	  control	  and	  analysis	  of	  fluid	  dynamics	  at	  the	  
micrometer	  scale	  (Lin	  et	  al.,	  2004).	  The	  flexibility	  of	  these	  chambers	  has	  allowed	  the	  study	  
of	  multiple	  soluble	  factors	  on	  different	  cell	  types	  (Barkefors	  et	  al.,	  2008),	  to	  perform	  assays	  
in	  3D	  gels	   (Abhyankar	  et	  al.,	  2008;	   Jeong	  et	  al.,	  2011),	  chemotaxis	  essays	  under	  coculture	  
conditions	  (Chung	  et	  al.,	  2009;	  Shin	  et	  al.,	  2012)	  and	  the	  generation	  of	  controlled	  nonlinear	  
gradients	  (Jeon	  et	  al.,	  2002).	  
	  
1.4.5 Galvanotaxis	  (Electrotaxis)	  
Galvanotaxis	   (electrotaxis)	   is	   the	   phenomenon	   by	  which	   the	  movement	   of	   cells	   is	  
directed	  in	  response	  to	  an	  electrical	  potential	  gradient.	  Studies	  in	  this	  field	  have	  allowed	  for	  
characterizing	  the	  migrational	  behavior	  of	  different	  cell	  types	  in	  response	  to	  electric	  fields.	  
Many	   cells	   migrate	   toward	   the	   cathode;	   however	   some	  migrate	   toward	   the	   anode.	   This	  
migration	  direction	  can	  be	  altered	  depending	  on	  the	  expression	  of	  certain	  proteins	  (Sato	  et	  
al.,	  2009).	  Most	  cells	  seem	  to	  migrate	  in	  gradients	  as	  high	  as	  200	  mV/mm,	  mimicking	  the	  in	  
vivo	  range	  of	  42-­‐100	  mV/mm	  across	  a	  wound	  bed,	  but	  can	  sense	  as	  low	  as	  10-­‐25	  mV/mm	  
(Cao	  et	  al.,	  2011;	  Erickson	  and	  Nuccitelli,	  1984).	  Speed	  on	  the	  other	  hand	  seems	  to	  be	  cell	  
type	  and	  ECM	  dependent	  resulting	  in	  some	  studies	  showing	  no	  change	  in	  speed	  (Hart	  et	  al.,	  
2013)	  and	  others	  showing	  either	  a	  biphasic	  dependence	  (Li	  et	  al.,	  2012)	  or	  increasing	  speed	  
with	  increasing	  electric	  field	  strength	  (Cao	  et	  al.,	  2011).	  There	  is	  also	  some	  recent	  evidence	  
that	   suggests	   that	  AC	  electric	   fields	   can	  augment	  DC	  electric	   fields	  and	   induce	  changes	   in	  
directionality	   and	   speed	   (Hart	   et	   al.,	   2013).	   In	   general,	   the	   response	   direction	   and	   the	  
threshold	  for	  migration	  varies	  across	  species	  and	  cell	  types	  (Mukerjee	  et	  al.,	  2006).	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   The	   techniques	   to	   generate	   electric	   fields	   experimentally	   are	   varied,	   but	   rely	  
primarily	  on	  generating	  them	  in	  chambers	   (Huang	  et	  al.,	  2009b;	  Li	  and	  Lin,	  2011;	  Li	  et	  al.,	  
2012;	  Long	  et	  al.,	  2011;	  Sun	  et	  al.,	  2012).	  These	  chambers	  have	  been	  designed	  to	  allow	  for	  
the	  control	  over	  different	  electric	  fields	  (Huang	  et	  al.,	  2009b)	  and	  in	  3D	  matrices	  (Sun	  et	  al.,	  
2012).	  In	  addition,	  there	  has	  been	  some	  recent	  work	  developing	  chambers	  that	  can	  induce	  
both	  electric	  field	  gradients	  and	  chemical	  gradients	  (Li	  and	  Lin,	  2011;	  Li	  et	  al.,	  2012),	  which	  
is	   interesting	   given	   the	   use	   of	   overlapping	   signaling	   pathways	   during	   galvanotaxis	   and	  
chemotaxis	  (Zhao	  et	  al.,	  2006).	  
	  
1.5 Quantifying	  Random	  and	  Directed	  Cell	  Migration	  
	  
In	   order	   to	   quantify	   directed	   cell	   migration,	   parameters	   that	   describe	   the	  
extracellular	  cue	  and	  the	  cell	  migration	  behavior	  must	  be	  made.	  Common	  approaches	   for	  
measures	  are	  outlined	  in	  Table	  1.1,	  however	  the	  literature	  is	  saturated	  with	  various	  ways	  in	  
which	   to	   quantify	   directed	   migration.	   Many	   of	   the	   approaches	   include	   calculating	   the	  
average	   angle	   between	   the	   displacement	   of	   the	   cell	   and	   the	   direction	   of	   the	   cue	   (Figure	  
1.2).	  A	  less	  optimal	  approach	  is	  to	  replace	  the	  vector	  that	  describes	  the	  displacement	  of	  the	  
cell	  with	   the	  vector	   that	  describes	   the	   long	  axis	  of	   the	  cell.	   This	  angle	  can	  be	  used	   in	   the	  
calculation	  of	  tactic	  indices	  or	  directionality	  indices	  and	  can	  be	  averaged	  over	  several	  cells.	  
In	  addition,	  related	  continuum	  transport	  parameters	  such	  as	  the	  chemotactic	  coefficient,	  χ	  
or	   the	   drift	   velocity	   can	   be	   computed	   (Table	   1).	   Often	   times	   the	   average	   value	   of	   the	  
directional	  cue	  (fiber	  density,	  soluble	  molecule	  concentration,	  etc.)	  as	  well	  as	  the	  steepness	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of	   the	   gradient	   (or	   in	   the	   case	   of	   contact	   guidance,	   degree	   of	   alignment	   with	   can	   be	  
quantified	  by	  the	  width	  of	  the	  angle	  distribution)	  set	  the	  efficiency	  of	  migration	  as	  defined	  
by	  parameters	  such	  as	  the	  tactic	  indices.	  If	  the	  parameters	  that	  describe	  the	  directional	  cue	  
change	  over	   time,	   the	   tactic	   and	  directionality	   indices	  more	   formally	   are	   functions	  of	   the	  
average	  value	  and	  gradient	  steepness	  of	  the	  directional	  cue	  at	  previous	  times	  as	  well.	  	  
Exposure	   to	   certain	  environments	  might	   result	   in	  either	   sensitization/amplification	  
(Miyamoto	   et	   al.,	   1996)	   or	   desensitization/adaptation	   (Mosesson	   et	   al.,	   2003;	   Reiter	   and	  
Lefkowitz,	   2006)	   to	   certain	   extracellular	   cues,	   resulting	   in	   an	   enhanced	   or	   diminished	  
response	  to	  the	  new	  environment.	  Indeed,	  in	  the	  context	  of	  chemotaxis,	  amplification	  and	  
adaptation	   are	   common	   phenomena	   that	   drive	   current	   models	   (Iglesias,	   2012).	   The	  
influence	  of	  the	  previous	  exposure	  of	  cells	  to	  different	  environments	  could	  be	  described	  as	  
cell	   memory	   and	   may	   partially	   decouple	   instantaneous	   cell	   migration	   responses	   to	   the	  
environment	  in	  which	  the	  cell	  finds	  itself.	  However,	  most	  often	  there	  is	  an	  assumption	  that	  
the	  tactic	  or	  directionality	  indices	  are	  in	  dynamic	  equilibrium	  with	  the	  input	  average	  values	  
and	   gradient	   steepness.	   This	   has	   not	   been	   systematically	   examined,	   however	   studies	  
showing	   how	   cells	   under	   certain	   circumstances	   ‘‘overshoot’’	   concentration	   maxima	   and	  
migrate	  down	  gradients	  might	  indicate	  memory	  (Jeon	  et	  al.,	  2002).	  
The	  richness	  in	  directed	  cell	  migration	  behavior	  coupled	  with	  the	  ability	  to	  properly	  
quantify	   it	  has	  resulted	   in	  numerous	  modeling	  efforts	  to	  explain	  directed	  cell	  migration	   in	  
single	  cue	  environments.	  Some	  of	  these	  models	  have	  directly	  tied	  environmental	  inputs	  to	  
directional	   migration	   outputs,	   effectively	   bypassing	   intracellular	   details	   (Barocas	   and	  
Tranquillo,	  1997;	  Dallon	  et	  al.,	  1999;	  Painter,	  2009).	  These	  models	  have	  taken	  the	  form	  of	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discrete	   single	   cell	   models	   or	   continuum	   transport	   models	   that	   may	   also	   incorporate	  
remodeling	   of	   the	   environment,	   such	   as	   secretion	   or	   clearance	   of	   a	   chemoattractant	   or	  
degradation	   and	   assembly	   of	   the	   ECM.	   To	   complement	   these	   efforts	   some	   have	   focused	  
solely	   on	   intracellular	   signaling	   (Jilkine	   and	   Edelstein-­‐Keshet,	   2011;	   Schneider	   and	  Haugh,	  
2005;	  Xiong	  et	  al.,	   2010)	  or	   cytoskeleton	  dynamics	   (Mogilner	  and	  Edelstein-­‐Keshet,	  2002)	  
using	   mass	   action	   kinetic,	   mechanical	   or	   phenomenological	   models.	   This	   is	   particularly	  
evident	   in	   the	   chemotaxis	   field	   (Iglesias	   and	   Devreotes,	   2008),	   where	   numerous	   groups	  
have	   tried	   to	   explain	   the	   necessity	   and	   genesis	   of	   adaptation	   and	   amplification	   in	   signal	  
transduction	  that	  allows	  some	  cells	  to	  sense	  very	  shallow	  gradients.	  Consequently,	  several	  
interesting	   models	   for	   contact	   guidance	   (Barocas	   and	   Tranquillo,	   1997;	   Painter,	   2009),	  
chemotaxis	   (Iglesias	   and	   Devreotes,	   2008),	   haptotaxis	   (Dickinson	   and	   Tranquillo,	   1993),	  
galvanotaxis	  (Gruler	  and	  Nuccitelli,	  2000)	  and	  durotaxis	  (Schlueter	  et	  al.,	  2012;	  Stefanoni	  et	  
al.,	  2011)	  have	  emerged.	  
Now	  that	  the	  details	  of	  random	  and	  directed	  migration	  have	  been	  outlined,	  and	  that	  
the	   platforms	   to	   control	   the	   spatial	   organization	   of	   directional	   cues	   and	   important	  
quantitative	   variables	   that	   describe	   both	   random	   and	   directed	   migration	   have	   been	  
introduced,	   we	   will	   discuss	   the	   smaller,	   but	   mounting	   number	   of	   studies	   conducted	  
examining	  multi-­‐cue	  directional	  migration.	  We	  will	  talk	  about	  these	  studies	  in	  the	  context	  of	  
five	  general	  behaviors	  that	  have	  been	  seen	  to	  date.	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Figure	  1.2	  Quantifying	  directional	  migration.	  Directional	  cues	  such	  as	  gradients	  or	  aligned	  
fibers	  can	  be	  characterized	  with	  an	  angle,	  θ	  that	  denotes	  the	  angle	  between	  the	  
cue	   direction	   and	   a	   reference	   direction.	   For	   fibers	   that	   are	   not	   perfectly	  
aligned	  θ	  =	  〈θi〉,	  where	  〈θi〉	   is	  the	  average	  angle	  between	  the	  direction	  of	  
each	   fiber	  and	  a	   reference	  direction.	  The	  vector	  along	   the	   long	  axis	  of	   the	   cell	  
can	  be	  used	  to	  assess	  how	  much	  influence	  the	  directional	  cue	  has	  on	  migration	  
by	   calculating	   mo.	   The	   better	   measure	   uses	   the	   vector	   that	   describes	   the	  
displacement	  to	  calculate	   mi.	  Both	   mo	  and	   mi	  can	  be	  used	  to	  calculate	  tactic	  
or	  directional	  indexes	  using	  either	  cos( mo)	  or	  cos(2 ),	  respectively. 
	  
 
1.6 Multiple	  Cues	  in	  Cell	  Migration	  	  
	  
As	   mentioned	   above	   directional	   cues	   are	   often	   simultaneously	   presented.	   For	  
instance,	   during	   wound	   healing	   electric	   fields	   and	   chemoattractant	   gradients	   of	   growth	  
factors	  may	   drive	   epidermal	   or	   fibroblast	   cell	  migration	   into	   the	   provisional	   clot	   (Martin,	  
1997;	  Zhao	  et	  al.,	  2006).	  Multiple	  chemoattractants	  such	  as	  cytokines	  and	  fMLP	  secreted	  by	  
non-­‐immune	  cells	  in	  response	  to	  inflammation	  and	  by	  invading	  bacteria	  may	  form	  gradients	  
that	  direct	  immune	  cell	  migration	  to	  the	  infection	  site	  (Phillipson	  and	  Kubes,	  2011).	  Finally,	  
chemoattractant	   gradients	   of	   growth	   factors	   and	   aligned	   fields	   of	   collagen	   fibers	   drive	  
cancer	  cell	  migration	  out	  of	  the	  primary	  tumor	  (Provenzano	  et	  al.,	  2006).	  There	  is	  some	  very	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nice	   work	   trying	   to	   understand	   how	   multiple	   uniformly	   distributed	   cues	   quantitatively	  
regulate	   random	   cell	  migration.	   For	   instance,	   cell	   speed,	  membrane	   extension/retraction	  
activity	   and	   adhesion	   were	   analyzed	   on	   different	   fibronectin	   densities	   and	   different	   EGF	  
concentrations	   (Maheshwari	  et	  al.,	  1999).	  EGF	  can	  change	   the	  point	  of	  maximal	   speed	  by	  
reducing	  the	  strength	  of	  cell-­‐substratum	  adhesiveness.	   In	  addition,	  changing	  the	  substrate	  
stiffness	   keeping	   the	   collagen	   concentration	   the	   same	   also	   resulted	   in	   a	   shifting	   of	   the	  
maximum	   (Gaudet	   et	   al.,	   2003).	   However,	   inhomogeneous	   cues	   elicit	   directed	   responses	  
and	  as	  such	  the	  relative	  orientation	  of	  the	  cues	  is	  also	  important	  leading	  to	  situations	  where	  
different	   cues	   can	   either	   cooperate	  with	   or	   compete	   against	   each	   other.	   How	  might	   this	  
occur?	  
The	  relative	  orientation	  of	  the	  directional	  cues	  will	  determine	  whether	  cooperation	  
or	   competition	   will	   occur	   (Figure	   1.1	   b).	   For	   monodirectional	   cues	   such	   as	   those	   that	  
regulate	   haptotaxis,	   durotaxis,	   chemotaxis	   and	   electrotaxis,	   cooperation	  occurs	  when	   the	  
angle	  is	  0	  degrees	  and	  competition	  occurs	  when	  the	  angle	  is	  180	  degrees.	  For	  bidirectional	  
cues	  such	  as	  those	  that	  regulate	  contact	  guidance	  cooperation	  occurs	  when	  the	  angle	   is	  0	  
degrees	  and	  competition	  occurs	  when	  the	  angle	  is	  90	  degrees.	  Intermediate	  angles	  result	  in	  
some	  intermediate	  cooperation/competition	  scenario.	  Once	  competition	  or	  cooperation	   is	  
established,	   there	   are	   several	   factors	   that	   drive	  which	   cues	   dominate	   and	  which	   submit.	  
First,	  the	  average	  value	  of	  the	  cue	  such	  as	  the	  average	  concentration	  or	  stiffness	  determines	  
whether	   the	  cell	  migrates	  at	  all.	   For	   instance,	   if	   the	  ECM	  concentration	  or	   stiffness	   is	   too	  
high	   or	   too	   low,	   the	   cell	   does	   migrate	   because	   it	   adheres	   tightly	   to	   the	   substrate	   or	  
generates	   too	   small	   of	   a	   traction	   force	   to	   pull	   itself	   forward.	   Additionally,	   if	   the	   soluble	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factor	  concentration	  is	  too	  high	  or	  too	  low,	  a	  gradient	  in	  receptor	  occupancy	  across	  the	  cell	  
is	  not	  perceived.	  Receptors	  will	  either	  be	  saturated	  at	  both	  the	  front	  and	  rear	  of	  the	  cell	  or	  
the	   concentration	   will	   be	   too	   low	   and	   noise	   associated	   with	   the	   number	   of	   receptors	  
occupied	  at	  any	  one	  time	  will	  swamp	  differences	  between	  receptor	  occupancy	  between	  the	  
front	  and	  the	  rear.	  Directional	  cues	  at	  suboptimal	  average	  values	  are	  likely	  to	  submit	  to	  cues	  
at	  optimal	  average	  values.	  Second,	  the	  intensity	  of	  the	  cue	  such	  as	  the	  degree	  of	  alignment	  
or	  gradient	  steepness	  determines	  the	  degree	  to	  which	  migration	  is	  biased.	  If	  the	  degree	  of	  
alignment	   or	   gradient	   steepness	   is	   too	   low,	   the	   cell	   will	   not	   sense	   the	   directional	   cue.	  
Directional	  cues	  at	  low	  degree	  of	  alignment	  or	  gradient	  steepness	  are	  also	  likely	  to	  submit.	  
How	  does	  this	   integration	  of	  multiple	  pieces	  of	   information	  affect	  the	  directionality	  of	  the	  
cell?	   Several	   scenarios	   could	  exist.	   The	   first	   is	   a	   simple	   vector	  addition	  of	   the	  migrational	  
response.	  When	  cues	  are	  aligned,	  this	  might	  produce	  an	  additive	  effect	  of	  the	  cell	  migration	  
speed	  and/or	  directionality.	  For	  instance,	  if	  cue	  1	  and	  cue	  2	  each	  generate	  a	  directionality	  of	  
0.4,	  the	  combined	  affect	  would	  be	  a	  directionality	  of	  0.8	  (cooperation)	  when	  oriented	  at	  0	  
and	  0	  (competition)	  when	  oriented	  at	  180.	  Assuming	  that	  the	  directional	  response	  to	  each	  
cue	   is	   not	   saturated,	   one	  might	   be	   able	   to	   enhance	   the	   ability	   of	   cue	   1	   to	   cooperate	   or	  
compete	  by	  increasing	  degree	  of	  alignment	  or	  gradient	  steepness	  of	  cue	  1.	  However,	  simple	  
additive	  responses	  may	  not	  always	  govern	  multi-­‐cue	  migration.	  Below	  are	  five	  examples	  of	  
behavior	  that	  has	  been	  identified	  in	  multi-­‐cue	  directional	  migration	  systems.	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1.6.1 Immunological	   chemotactic	   cues-­‐Hierarchical	   dominance	   and	   cooperative	   relay	  
systems	  
	  
Multiple	  chemotactic	  cues	  have	  been	  assessed	  primarily	   in	   the	  context	  of	   immune	  
function.	  Using	  the	  under	  agarose	  assay,	  the	  influence	  of	  overlapping	  chemotactic	  gradients	  
on	  the	  migrational	  behavior	  of	  neutrophils	  was	  evaluated	  (Foxman	  et	  al.,	  1997).	  This	  data	  
demonstrated	   that	   when	   opposing	   gradients	   of	   chemoattractants	   of	   IL-­‐8	   and	   LTB4	   are	  
present,	  cells	  selected	  the	  direction	  of	  migration	  based	  on	  the	  midpoint	  concentration	  and	  
gradient	   steepness	   and	   no	   one	   chemoattractant	   dominated.	   If	   the	   gradient’s	   midpoint	  
concentration	  of	  a	  particular	  cue	  was	  too	  high,	  receptors	  were	  saturated	  at	  both	  the	  front	  
and	   rear	   of	   the	   cell,	   eliminating	   any	   ability	   to	   sense	   that	   gradient.	   The	   authors	   then	  
described	   this	   as	   a	   preference	   for	   distant	   sources	   of	   chemoattractant.	   However,	   the	  
integration	   of	   these	   signals	   is	   most	   likely	   not	   additive	   as	   other	   experiments	   in	   more	  
controlled	   gradients	   show	   LTB4	   is	   better	   at	   competing	   than	   IL-­‐8	   (Lin	   et	   al.,	   2005).	   Other	  
chemoattractants	  such	  as	  fMLP	  or	  C5α	  when	  presented	  with	  either	  IL-­‐8	  or	  LTB4	  dominated	  
the	  migrational	  behavior,	  even	  at	  high	  gradient	  midpoint	  concentration,	  most	  likely	  due	  to	  
distinct	  signaling	  pathways	  (Heit	  et	  al.,	  2002).	  
	  
	  	   This	  hierarchical	  domination	  may	  be	  important	  physiologically	  as	  fMLP	  and	  C5α	  are	  
related	   to	   finding	   and	   killing	   foreign	   invaders,	   whereas	   IL-­‐8	   and	   LTB4	   are	   related	   to	  
inflammation.	  Hierarchies	  in	  chemotaxis	  have	  also	  been	  found	  elsewhere	  (Kim	  and	  Haynes,	  
2012).	   In	   addition	   to	   hierarchies,	   there	   is	   work	   demonstrating	   interesting	   cooperation	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between	  chemoattractants.	  Given	  a	  source	  of	  IL-­‐8	  or	  LTB4	  alone	  that	  is	  above	  the	  saturation	  
concentration,	  cells	  will	  not	  fully	  migrate	  to	  the	  source.	  The	  bias	  in	  migration	  is	  eliminated	  
at	   a	   distance	  where	   the	   front	   and	   rear	   receptors	   (or	   intracellular	   signaling	  pathways)	   are	  
saturated.	   However,	   if	   another	   chemoattractant	   is	   present,	   it	   can	   take	   over	   the	   role	   of	  
biasing	   migration	   after	   saturation	   of	   the	   first	   chemoattractant	   sensing	   system.	   This	  
sequential	   sensing	   of	   chemoattractants	   may	   be	   a	   mechanism	   by	   which	   cells	   migrate	   to	  
targets	  over	  a	  tremendous	  length,	  essentially	  setting	  up	  a	  chemotactic	  relay	  system,	  where	  
one	   chemoattractant	   directs	   migration	   before	   handing	   the	   role	   off	   to	   another	  
chemoattractant.	  Whether	  during	  cooperation	  or	  competition	  it	  is	  tempting	  to	  suggest	  the	  
existence	   of	   cell	   migration	   targets,	   which	   are	   spatially	   distinct	   from	   chemoattractant	  
sources	  and	  can	  be	  determined	  by	  the	  gradient	  magnitude	  and	  midpoint	  concentration	  of	  
multiple	   cues	   (Ricart	   et	   al.,	   2011).	   In	   this	   situation,	   desensitization	   of	   signaling	   might	  
produce	   nonintiutive	   results	   such	   as	   migration	   down	   gradients	   of	   chemoattractant	  
(Nandagopal	  et	  al.,	  2011).	  In	  one	  report	  T-­‐cells	  did	  not	  migrate	  in	  CCL19	  gradients	  unless	  in	  
the	   presence	   of	   CCL21	   and	   then	   only	   towards	   lower	   concentrations	   of	   CCL19.	   This	   was	  
explained	  by	  a	  model	  of	  CCR7	  desensitization,	  where	  one	  chemoattractant	  was	  more	  potent	  
in	  desensitizing	  the	  response.	  A	  similar	  response	  was	  found	  in	  dendritic	  cells	  (Haessler	  et	  al.,	  
2011;	  Kim	  and	  Haynes,	  2012).	  
The	   majority	   of	   the	   controlled	   gradients	   discussed	   above	   were	   created	   in	  
microfluidic	  chambers	  and	  all,	  with	  the	  exception	  of	  one	  study	  (Haessler	  et	  al.,	  2011),	  were	  
conducted	  using	  cells	  migrating	  in	  2D.	  The	  platform	  of	  microfluidics	  will	  continue	  to	  be	  an	  
important	   technique	   to	   control	   multiple	   chemotactic	   cues.	   However,	   most	   of	   the	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microfluidic	  chambers	  used	  so	  far	  only	  have	  the	  ability	  to	  present	  cues	   in	  parallel	   fashion.	  
However,	  new	  microfluidic	  designs	  have	  opened	  up	  possibilities	  to	  organize	  several	  spatial	  
gradients	   in	   interesting	   ways	   (Atencia	   et	   al.,	   2009).	   This	   gives	   microfluidics	   a	   better	  
opportunity	  to	  compete	  with	  micropipettes	  or	  loaded	  beads,	  where	  multiple	  gradients	  are	  
perhaps	  more	  easily	  generated	  even	  though	  the	  gradients	  are	   less	  controlled.	   In	  addition,	  
controlling	  multiple	  gradients	  in	  3D	  environments	  will	  more	  likely	  mimic	  multi-­‐cue	  sensing	  
in	   vivo.	   Finally,	   what	   is	   lacking	   from	   most	   of	   these	   studies	   is	   the	   correlation	   between	  
gradients	  in	  close	  proximity	  to	  the	  cell.	  Many	  of	  these	  studies	  simply	  performed	  analysis	  on	  
groups	  of	  cells	   that	  are	  not	  exposed	   to	   the	  same	  gradient	  characteristics.	   In	  addition,	   the	  
assumption	   that	   the	   migration	   characteristics	   are	   in	   dynamic	   equilibrium	   with	   the	  
environmental	  conditions	  at	  each	  time	  might	  be	  poor.	  Memory	  caused	  by	  either	  sensitizing	  
or	  desensitizing	  signal	  transduction	  networks	  needs	  to	  be	  examined	  more	  closely	  in	  multi-­‐
cue	  environments.	  This	  might	  be	  particularly	   important	   in	   situations	  where	  different	   cues	  
use	   overlapping	   signal	   transduction	   networks,	   perhaps	   leading	   one	   cue	   to	   prime	   or	   turn	  
down	  the	  response	  to	  another	  cue.	  
	  
1.6.2 Multiple	   haptotactic	   and	   chemotactic	   cues-­‐	   cooperation	   can	   overcome	   a	  
threshold	  and	  immobilization	  matters	  
	  
The	   combined	   action	   of	   haptotactic	   and	   chemotactic	   signals	   has	   also	   been	  
investigated	  in	  the	  context	  of	  multi-­‐cue	  directed	  cell	  migration.	  To	  evaluate	  the	  cumulative	  
guidance	  effect	  of	  NT-­‐3	  and	  NGF,	  single	  and	  superimposed	  soluble	  concentration	  gradients	  
were	  formed	  in	  under	  agarose	  assays	  (Cao	  and	  Shoichet,	  2003).	  The	  primary	  receptors	  for	  
NT-­‐3	   and	   NGF	   are	   distinct	   but	   co-­‐localized.	   Consequently,	   separate	   pathways	   signaling	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pathways	  could	  be	  illicited	  (Song	  and	  Poo,	  1999).	  A	  threshold	  gradient	  of	  NGF	  was	  required	  
for	   neurite	   guidance,	   a	   closely	   related	   process	   to	   cell	  migration.	   Interestingly,	  when	   dual	  
concentration	   gradients	   of	  NT-­‐3	   and	  NGF	  were	   constructed	  with	   each	   individual	   gradient	  
below	   the	   threshold	   gradient	   for	   NGF,	   directional	   extension	   of	   neurites	   occurred.	  
Consequently,	  dual	  gradients	  can	  overcome	  threshold	  constraints	  for	  directed	  extension.	  In	  
addition,	  directed	  extension	  occurred	  when	  gradients	  of	   immobilized	  NT-­‐3	  and	  NGF	  were	  
formed	   on	   p(HEMA)	   substrates,	   albeit	   at	   steeper	   gradients	   (Moore	   et	   al.,	   2006).	   These	  
differences	  open	  the	  possibility	  that	  the	  steering	  mechanisms	  of	  neurites	  and	  cells	  depend	  
on	  the	  way	  that	  cues	  are	  presented,	  and	  this	  could	  affect	  how	  cues	  compete	   in	  multi-­‐cue	  
environments.	   Indeed	   this	   has	   been	   shown	   in	   leukocytes.	   Chemotaxis	   and	   haptotaxis	  
experiments	   were	   performed	   in	   a	  modified	   Boyden	   chamber	   (Wiedermann	   et	   al.,	   1995).	  
Human	  growth	  hormone	  (hGH)	  promoted	  directional	  movement	  through	  both	  chemotaxis	  
and	   haptotaxis	   alone.	   When	   RANTES	   gradients	   were	   overlaid	   with	   hGH	   gradients,	   an	  
abolishment	   of	   the	   migration	   occurred,	   but	   this	   only	   occurred	   if	   the	   hGH	   chemotactic	  
gradients	  were	  used	  in	  combination	  with	  RANTES	  chemotactic	  gradients	  or	  hGH	  haptotactic	  
gradients	  were	  used	  in	  combination	  with	  RANTES	  haptotactic	  gradients.	  If	  hGH	  haptotactic	  
gradients	   were	   used	   in	   combination	   with	   RANTES	   chemotactic	   gradients,	   or	   vice	   versa,	  
migration	   was	   not	   inhibited.	   This	   result	   highlights	   that	   the	   presentation	   of	   the	   ligand	   as	  
either	  a	  chemotactic	  or	  haptotactic	  gradient	  can	  determine	  the	  dominance	  of	  a	  directional	  
cue	  over	  another.	   In	  addition	  to	   immobilization,	  the	  midpoint	  concentration	  of	  one	  of	  the	  
attractants	  can	  also	  dramatically	  impact	  the	  behavior	  of	  directed	  migration.	  Studies	  carried	  
out	   using	   a	   novel	   microfluidic	   platform	   that	   can	   be	   used	   to	   make	   multiple	   gradients	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oriented	   in	   the	   same	  or	   opposite	   configuration	  demonstrated	   that	   the	   ability	   of	   BDNF	   to	  
repel	   growth	   cone	   extension	   in	   a	   haptotactic	   gradient	   of	   laminin	   that	   depended	   on	   the	  
steepness	  and/or	  the	  midpoint	  concentration	  of	  the	  BDNF	  gradient	  (Wang	  et	  al.,	  2008).	  
Most	  of	  the	  above	  tactic	  gradients	  were	  created	  on	  or	  above	  2D	  glass	  surfaces	  and	  
take	  advantage	  of	  microfluidic	  chambers	  although	  several	  other	   techniques	  exist	   to	  make	  
controlled	   multidimensional	   haptotactic	   gradients	   (Genzer	   and	   Bhat,	   2008).	   However,	  
generating	   gradients	   on	   other	   surfaces	   is	   important	   as	   well.	   More	   recently,	   different	  
arrangements	   of	   overlapping	   gradients	   of	   multiple	   proteins	   were	   immobilized	   on	   PEG	  
hydrogels	  using	  microfluidic	  platforms	  (Allazetta	  et	  al.,	  2011;	  Cosson	  et	  al.,	  2009).	  With	  this	  
technique,	   linear	   and	  non-­‐linear	   gradients	   can	   be	   generated,	   but	   the	   effective	   sequential	  
immobilization	  of	  proteins	  using	   this	  methodology	   is	  precluded	  to	  a	  certain	  extent	  due	  to	  
the	   lack	   of	   free	   binding	   sites	   when	   parallel	   gradients	   are	   generated.	   Nevertheless,	   the	  
combination	  of	   two	  orthogonal	  binding	  schemes	  allows	  the	   independent	   tethering	  of	   two	  
proteins	   on	   a	   hydrogel	   surface.	   In	   addition,	   the	   ability	   to	   generate	   different	   gradients	   at	  
different	  z	  positions	  in	  a	  3D	  matrix	  will	  be	  important	  in	  building	  3D	  mulit-­‐cue	  environments.	  
A	  newly	  developed	  benchtop	  technique	  based	  on	  capillary	  flow	  and	  molecular	  diffusion	  to	  
generate	   concentration	   gradients	   has	   been	   reported.	   Multi-­‐gradient	   hydrogels	   are	  
fabricated	  layer	  by	  layer	  using	  an	  open	  channel	  and	  subsequent	  crosslinking	  of	  the	  gradient	  
precursor	   (Piraino	   et	   al.,	   2012).	   In	   addition,	   photochemical	   techniques	   that	   allow	   for	  
attachment	   of	   haptotactic	   signals	   to	   3D	  matrices	   show	  promise	   (Luo	   and	   Shoichet,	   2004;	  
Wylie	   and	   Shoichet,	   2011).	   Although	   these	   studies	   show	   important	   advances	   in	   terms	   of	  
methodologies	   to	   generate	   haptotactic	   gradients	   on	   physiologically	   relevant	   substrates,	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some	  concern	  in	  regards	  to	  the	  stability	  of	  the	  gradients	  over	  time	  and	  the	  bioavailability	  of	  
the	   molecules	   depending	   on	   the	   tethering	   mechanism	   are	   still	   being	   discussed.	  
Unfortunately,	  the	  use	  of	  such	  platforms	  to	  address	  cell	  migration	  behavior	  with	  parallel	  or	  
competing	  gradients	  has	  not	  been	  reported.	  
	  
	  
1.6.3 Galvanotaxis	  and	  chemotaxis:	  Evenly	  matched	  	  
As	  describe	  above,	  galvanotaxis	  constitutes	  a	  complex	  process	  that	  depends	  strongly	  
on	   cell	   type	   and	   the	   specifics	   of	   electric	   field	   induced.	   Interest	   in	   galvanotaxis	   and	   its	  
biomedical	   applications	   is	   continuing	   to	   build.	   A	   first	   attempt	   to	   study	   the	   interaction	   of	  
chemotaxis	   and	   galvanotaxis	   was	   recently	   reported	   (Aly	   et	   al.,	   2008).	   Radio	   frequency	  
electric	  currents	  were	  generated	  in	  parallel	  to	  gradients	  of	  the	  chemoattractant,	  cAMP	  and	  
directed	  migration	  of	  human	  neutrophils	  was	  reported.	  Once	  the	  electric	  field	  was	  imposed,	  
neutrophil	   speed	   increased	   about	   50%,	   and	  more	   importantly,	   changed	  direction	   to	   align	  
perpendicularly	   to	   the	   alternating	   electric	   field.	   These	   results	   suggest	   that	   alternating	  
electric	   fields	   may	   dominate	   chemotaxis.	   In	   another	   study,	   T	   cells	   moved	   preferentially	  
towards	  the	  cathode	  that	  induced	  a	  direct	  current	  electric	  field.	  They	  also	  showed	  migration	  
of	   T	   cells	   towards	   high	   concentrations	   of	   CCL19	   gradients.	   When	   both	   were	   applied	   in	  
opposing	   fashion,	   the	   orientation	   of	   the	   cells	  was	   essentially	   random,	   indicating	   that	   the	  
electrotactic	  gradient	  can	  compete	  well	  with	  the	  gradient	   in	  CCL19	  (Li	  et	  al.,	  2012).	   In	  this	  
context	  the	  reduction	  in	  orientation	  index	  suggests	  that	  the	  interaction	  between	  these	  two	  
directional	  signals	  is	  the	  sum	  since	  each	  level	  alone	  is	  roughly	  the	  same.	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Devices	   to	   examine	   galvanotaxis	   in	   combination	   with	   other	   directed	   migration	  
mechanisms	  have	  the	  added	  difficulty	  to	  fabricating	  functional	  electric	  circuits.	  In	  the	  above	  
study,	   Li	   et	   al.	   performed	   experiments	   in	   a	   microfluidic	   device	   designed	   to	   present	  
coexisting	  chemical	  gradients	  and	  direct	  current	  electric	  fields	  (Li	  et	  al.,	  2012)	  and	  specific	  
challenges	  associated	  with	  these	  devices	  have	  been	  outlined	  previously	  (Li	  and	  Lin,	  2011).	  In	  
terms	   of	   design,	   this	   platform	   allows	   one	   to	   superimpose	   and	   independently	   control	   the	  
two	   types	   of	   signals.	   It	   is	   possible	   to	   study	   time-­‐varying	   electric	   fields,	   as	   are	   sometimes	  
presented	  during	  wound	  healing.	  
	  
1.6.4 Haptotaxis	  and	  durotaxis:	  chemical	  signals	  lead	  the	  way	  
Several	  studies	  have	  revealed	  the	  effects	  of	  both	  stiffness	  gradients	  and	  haptotactic	  
gradients	   in	  controlling	  cell	  movement,	  but	   it	   is	   still	  unclear	  which	  dominates.	   In	  a	   recent	  
study,	  the	  motility	  of	  cells	  under	  the	  influence	  of	  both	  mechanical	  and	  chemical	  signals	  was	  
described	   (Hale	   et	   al.,	   2010).	   Polyacrylamide	   gel	   drops	   with	   different	   concentrations	   of	  
crosslinker	   and	   different	   concentrations	   of	   collagen	   were	   merged	   generating	   opposing	  
gradients	   in	   collagen	   concentration	   and	   Young’s	  modulus.	   During	   durotaxis,	   cells	  migrate	  
towards	   regions	   of	   higher	   Young’s	   modulus.	   Additionally,	   cells	   migrated	   up	   gradients	   of	  
collagen.	  Hale	  et	  al.	   showed	  that	  3T3	   fibroblasts	  migrated	  preferentially	   towards	   the	  high	  
collagen	   and	   low	   modulus	   regions	   of	   the	   substrate.	   Additionally,	   when	   the	   gradient	   of	  
collagen	  decreased	  and	  the	  gradient	  of	  stiffness	  increased,	  the	  amount	  of	  cells	  migrating	  in	  
that	   direction	   decreased.	   Unfortunately,	   this	   study	   did	   not	   examine	   systematically	   the	  
steepness	   or	   midpoint	   concentration	   of	   either	   the	   Young’s	   modulus	   or	   the	   collagen	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coverage.	  In	  addition	  the	  collagen	  concentration	  was	  only	  very	  roughly	  estimated.	  However,	  
these	   preliminary	   data	   indicate	   that	   chemical	   cues	   can	   win	   out	   over	   mechanical	   cues	  
causing	  cells	  to	  migrate	  down	  a	  gradient	  of	  mechanical	  stiffness.	  
Polyacrylamide	   (PAAM)	   hydrogels	   are	   optimal	   substrates	   for	   tuning	   mechanical	  
properties.	   Other	   polymers	   might	   be	   appropriate	   as	   well,	   however,	   recent	   work	   has	  
indicated	  that	  while	  bulk	  stiffness	  can	  direct	  cell	  behavior,	  crosslinking	  and	  ECM	  flexibility	  is	  
an	  important	  factor.	  Polymers	  like	  PDMS	  can	  show	  dramatically	  different	  cell	  behavior,	  even	  
when	   the	  bulk	  modulus	   is	   the	   same	   (Trappmann	  et	  al.,	   2012).	   The	  above	   technique	   is	   an	  
interesting	  way	  in	  which	  to	  generate	  mechanical	  stiffness	  gradients,	  but	  the	  generation	  of	  
the	  collagen	  gradient	   is	  much	   less	  controlled.	   In	  addition	  to	  PAAM	  hydrogels,	  gradients	   in	  
mechanical	  stiffness	  can	  be	  generated	  by	  compression	  of	  collagen	  gels	   (Hadjipanayi	  et	  al.,	  
2009).	   However,	   because	   collagen	   concentration	   regulates	   mechanical	   stiffness	   in	   these	  
gels,	   parsing	   durotactic	   and	   haptotactic	   effects	   is	   challenging.	   Photochemical	   techniques	  
can	  also	  be	  used	  to	  generate	  gradients	  in	  stiffness	  (Kloxin	  et	  al.,	  2009)	  as	  well	  as	  crosslinking	  
(Tse	  and	  Engler,	  2011)	  and	  might	  generate	  a	  better	  spatially	  controlled	  environment.	  
	  
1.6.5 Contact	  guidance	  and	  chemotaxis:	  Cell	  type	  specific	  dominance	  
An	  immune	  cell’s	  response	  relies	  strongly	  on	  chemotaxis	  induced	  by	  soluble	  factors	  
at	   the	   infection	   site	   that	   direct	   their	   movement.	   In	   addition,	   as	   the	   wound	   matures,	  
fibroblasts	   align	   fibers	   in	   the	   ECM.	   Under	   this	   premise,	   one	   of	   the	   first	   studies	   in	   which	  
different	   signals	   were	   presented	   simultaneously	   in	   a	   migration	   assay	   was	   conducted	  
(Wilkinson	  and	  Lackie,	  1983).	  Neutrophil	  chemotactic	  migration	  towards	  candida	  was	  only	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somewhat	   stunted	   if	   the	   chemotactic	   and	   contact	   guidance	   signals	   were	   presented	  
perpendicularly.	  The	  same	  result	  was	  seen	  in	  gradients	  of	  fMLP,	  indicating	  that	  in	  immune	  
cells	  chemotaxis	  dominates.	  Chemotaxis	  was	  seen	  to	  also	  highly	  influence	  the	  orientation	  of	  
fibroblasts	  in	  fibrin	  microspheres	  (Bromberek	  et	  al.,	  2002).	  Fibroblasts	  seeded	  in	  the	  shell	  of	  
concentric	   spheres	   contract	   fibrin	  matrices	   forming	   circumferential	   fibers.	   This	   alignment	  
then	   causes	   fibroblast	   alignment	   and	   contact	   guidance.	   Inducing	   radial	   chemotactic	  
gradients	  by	  embedding	  macrophages	  that	  secrete	  chemoattractants	  in	  the	  core,	  effectively	  
abolished	   the	   circumferential	   alignment	   and	   contact	   guidance,	   suggesting	   that	   like	  
neutrophils,	  chemotaxis	  can	  dominate	  contact	  guidance.	  However,	  this	  result	  is	  convoluted	  
due	  to	  significant	  change	  in	  the	  contact	  guidance	  cue	  over	  time.	  The	  fibrin	  gels	  initially	  were	  
randomly	   organized	   and	   the	   aligned	   fibrin	  matrix	   only	   developed	   over	   time.	   In	   addition,	  
contact	   guidance	   was	   better	   able	   to	   compete	   and	   dominate	   chemotaxis	   at	   longer	   times	  
after	  the	  directional	  cue	  of	  the	  fibrin	  fiber	  alignment	  developed.	  The	  final	  and	  most	  recent	  
examination	  of	  the	  competition	  between	  chemotaxis	  and	  contact	  guidance	  was	  in	  HUVECs	  
migrating	   on	   electrospun	   fibers	   and	   in	   gradients	   of	   VEGF	   (Sundararaghavan	   et	   al.,	   2013).	  
This	   tentatively	   suggests	   that	   chemotaxis	   might	   dominate	   in	   less	   contractile	   cells	  
(neutrophils),	   whereas	   contact	   guidance	   might	   dominate	   in	   more	   contractile	   cells	  
(fibroblasts	  and	  HUVECs),	  setting	  up	  the	  contractile	  state	  of	  the	  cell	  as	  a	  regulator	  of	  which	  
directional	  cues	  dominate	  and	  which	  submit.	  
Although	   both	   chemotactic	   and	   contact	   guidance	   signals	   were	   presented	  
simultaneously	  in	  space	  and	  time	  Lackie	  et	  al.	  did	  not	  quantify	  chemoattractant	  gradients	  or	  
systemically	   examine	   different	   chemoattractant	   and	   contact	   guidance	   environments.	   In	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addition,	  Bromberek	  et	  al.	  did	  not	  quantify	  or	  control	  the	  chemotactic	  gradient.	  The	  most	  
promising	   platform	  was	   that	   used	   by	   Sundararaghavan	   et	   al.,	   where	   electrospinning	   and	  
microfluidic	  chambers	  were	  combined.	  In	  addition	  to	  electrospinning,	  microcontact	  printing	  
lines	  (Rhee	  et	  al.,	  2005)	  or	  other	  approaches	  may	  be	  used	  in	  combination	  with	  microfluidic	  
devices.	  However,	  these	  still	  constitute	  2D	  environments	  in	  which	  to	  monitor	  cell	  migration.	  
Consequently,	   microfluidic	   chambers	   in	   which	   matrices	   such	   as	   collagen	   gels	   can	   be	  
assembled	  (Haessler	  et	  al.,	  2009;	  Huang	  et	  al.,	  2009a)	  and	  aligned	  (Guo	  and	  Kaufman,	  2007;	  
Koster	   et	   al.,	   2007)	   might	   be	   the	   best	   approach	   to	   examining	   the	   competition	   between	  
contact	  guidance	  and	  chemotaxis.	  	  
	  
1.7 Switching	  the	  Dominance	  of	  Directional	  Cues	  
	  
As	  discussed	  in	  the	  previous	  section,	  it	  is	  tempting	  to	  speculate	  that	  the	  contractile	  
state	   of	   the	   cell	   mediates	   the	   dominance	   of	   contact	   guidance	   over	   chemotaxis	   and	   vice	  
versa.	  In	  addition	  to	  contractile	  state,	  proteinase	  activity	  might	  also	  play	  a	  role	  in	  switching	  
the	  dominance.	  As	  mentioned	  briefly	  above,	  two	  major	  modes	  of	  individual	  migration	  have	  
been	   characterized:	   amoeboid	   and	   mesenchymal.	   Amoeboid	   migration	   is	   proteinase	  
independent	  and	  is	  less	  reliant	  on	  interactions	  with	  the	  ECM,	  which	  might	  explain	  why	  most	  
chemotaxis	   systems	   have	   been	   described	   as	   amoeboid.	   Mesenchymal	   migration	   is	  
proteinase	   dependent	   and	   is	   more	   reliant	   on	   interactions	   with	   the	   ECM,	   which	   might	  
suggest	   a	   stronger	   contact	   guidance	   response.	   Since	   researchers	   have	   shown	   switching	  
between	   amoeboid	   and	   mesenchymal	   migration	   (Sahai	   and	   Marshall,	   2003;	   Wolf	   et	   al.,	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2003),	   perhaps	   dominance	   of	   chemotaxis	   (amoeboid	   migration)	   or	   contact	   guidance	  
mesenchymal	  migration)	  could	  be	  switched	  as	  well.	  	  
Other	   perturbations	   at	   the	   level	   of	   signal	   transduction	   or	   cytoskeleton	   regulation	  
might	   also	   act	   similarly.	   Recently,	   there	  have	  been	   a	   couple	  of	   examples	   of	  molecules	   or	  
pathways	   that	  affect	  only	  a	  certain	   type	  of	   taxis.	  For	   instance,	   chemotaxis	  and	  haptotaxis	  
use	   different	   cytoskeleton	   components	   (Wu	   et	   al.,	   2012a).	  Wu	   et	   al.	   demonstrated	   that	  
Arp2/3	   is	   only	   active	   in	   haptotaxis	   and	   blocking	   its	   action	   does	   not	   affect	   chemotaxis.	   In	  
addition,	  force	  feedback	  loops	  that	  generate	  oscillations	  in	  traction	  force	  at	  focal	  adhesions	  
seem	   only	   to	   be	   important	   during	   durotaxis	   as	   compared	   to	   chemotaxis	   or	   haptotaxis	  
(Plotnikov	  et	   al.,	   2012).	  Augmenting	  either	  Arp2/3	  or	   force	  oscillations	   at	   focal	   adhesions	  
might	  allow	  for	  the	  switching	  in	  dominance	  between	  competing	  cues	  and	  might	  constitute	  a	  
mechanism	  to	  redirect	  migration	  in	  complex	  environments.	  	  
	  
1.8	  Overview	  and	  Current	  Challenges	  
	  
Throughout	   this	  chapter,	   the	  general	  principles	   for	   random	  migration	  and	  directed	  
migration	  in	  response	  to	  inhomogeneous	  chemical,	  mechanical	  or	  electrical	  cues	  have	  been	  
discussed.	   Description	   on	   how	   it	   is	   possible	   to	   quantify	   important	   characteristics	   of	   the	  
spatial	   inhomogeneity	   of	   the	   cue	   as	   well	   as	   the	   bias	   in	   cell	  migration	   direction	  was	   also	  
explained.	  Additionally,	  different	  approaches	  to	  control	  spatially	   inhomogeneous	  cues	  and	  
study	   directed	   cell	   migration	   in	   vitro	   have	   been	   detailed.	   Most	   importantly,	   the	   roughly	  
twenty	   studies	   examining	   multi-­‐cue	   directed	   migration	   have	   been	   reviewed.	   Striking	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qualitative	   behaviors	   have	   been	   found	   like	   hierarchical	   dominance,	   cooperative	   relay	  
systems,	   cooperative	   threshold	   alteration	   and	   cell-­‐type	   specific	   dominance.	   However,	  
several	  challenges	  remain.	  
The	   first	   challenge	   refers	   to	   the	  design	  and	   fabrication	  of	  environments	   to	  control	  
the	  spatial	  distribution	  of	  directional	  cues.	  Advancements	  in	  microfabrication	  and	  materials	  
science	   have	   provided	   tools	   to	   meet	   these	   challenges	   (Figure	   1.3).	   In	   particular,	  
microfluidics	  have	  pushed	  the	  ability	  to	  control	  soluble	  and	  surface	  bound	  directional	  cues	  
and	  can	  be	  combined	  with	  other	  approaches	  to	  control	  electric	  fields	  (Li	  and	  Lin,	  2011)	  and	  
aligned	   fibers	   or	   fiber-­‐like	   materials.	   However,	   other	   controlled	   release	   mechanisms	   for	  
soluble	   gradient	   control	   will	   nicely	   complement	   these	   approaches,	   particularly	   in	   tissue	  
engineering	   contexts.	   More	   techniques	   are	   needed	   to	   generate	   controlled	   properties	   of	  
aligned	   fibers	   and	   gradients	   in	  mechanical	   properties.	   This	   is	   challenging	   given	   that	   fiber	  
organization	   and	   mechanical	   properties	   tend	   to	   be	   linked.	   In	   addition,	   bulk	   mechanical	  
properties	  might	  not	  properly	  describe	   the	   local	  mechanical	   environment	  of	   cells	   (Pathak	  
and	   Kumar,	   2011),	   necessitating	   local	   mechanical	   measurements	   of	   properties	   and	  
gradients	   in	   properties.	   Finally,	   multi-­‐cue	   environments	   that	   display	   the	   same	   topology,	  
confinement	   and	  mechanical	   properties	   as	   3D	   systems	  will	   be	  most	   informative.	  Most	   of	  
the	   studies	   to	   this	   point	   have	  been	  performed	   in	   2D	  environments,	   but	   for	   good	   reason.	  
One	  wields	  much	   less	   control	  over	   the	   spatial	  distribution	  of	   cues	   in	  3D	  environments.	   In	  
addition,	  imaging	  subcellular	  dynamics	  in	  3D	  is	  much	  more	  challenging	  than	  in	  2D.	  Perhaps	  
hybrid	   environments	   that	   retain	   certain	   features	   of	   3D	   migration	   such	   as	   topology,	  
confinement	   or	  mechanical	   properties	   are	   a	   reasonable	   compromise	   (Balzer	   et	   al.,	   2012;	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Fischer	  et	  al.,	  2012).	  Finally,	  while	  most	  of	  these	  studies	  have	  examined	  directed	  migration	  
behavior	   only,	   environments	   in	   which	   subcellular	   dynamics	   of	   signaling	   and	   the	  
cytoskeleton	   will	   be	   needed	   in	   order	   to	   form	  mechanisms	   for	   cooperation,	   competition,	  
dominance	  and	  submission.	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	  1.3	  Schematics	  of	  processes	  or	  devices	  to	  spatially	  organize	  migrational	  cues.	   
(A)	   Contact	   guidance	   cues	   can	  be	  organized	   in	   2D	   via	  microcontact	   printing	  or	  
epitaxial	  growth	  on	  mica	  and	  in	  3D	  via	  magnetic	  bead	  alignment.	  (B)	  Haptotactic	  
gradients	  can	  be	  produced	  by	  pulling	  gold	  coated	  substrates	  through	  solutions	  of	  
functionalized	   thiols,	   creating	   SAMs	   with	   gradients	   in	   functional	   groups.	   (C)	  
Polyacrylamide–bisacrylamide	   polymer	   solutions	   can	   be	   selectively	   crosslinked	  
by	   replacing	   the	   usual	   initiator	   with	   a	   UV-­‐sensitive	   initiator,	   generating	   a	  
gradient	   in	  polymerization	  and	  crosslinking	  density	   that	   results	   in	  a	  gradient	   in	  
mechanical	   properties.	   (D)	   Chemoattractants	   can	   be	   fed	   through	   inlets	   in	  
microfluidic	  chambers	  to	  generate	  gradients	  in	  soluble	  molecule.	  Cells	  are	  plated	  
in	   the	   long,	  viewing	  channel.(E)	  Chambers	   similar	   to	   those	  used	  as	  microfluidic	  
chambers	  can	  be	  fitted	  with	  electrodes	  connected	  to	  a	  DC	  power	  source	  creating	  
an	  electric	   field	  across	   the	  cell	   viewing	  chamber.	   (F)	  Microcontact	  printing	  and	  
microfluidics	  can	  be	  combined	  to	  generate	  orthogonal	  directional	  cues.	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These	  technological	  advances	  will	  need	  to	  be	  met	  with	  sophisticated	  and	  thorough	  
quantitative	   analysis	   and	   this	   constitutes	   a	   second	   challenge.	  Quantitative	   analysis	   of	   the	  
cell	   migration	   behavior	   will	   be	   needed	   to	   determine	   thresholds,	   assess	   additive	   versus	  
synergistic	   mechanisms	   and	   to	   fully	   uncover	   the	   degree	   of	   dominance	   of	   one	   cue	   over	  
another.	  Quantitative	  analysis	  of	  the	  signaling	  and	  cytoskeleton	  dynamics	  will	  be	  needed	  to	  
assign	  molecular	  mechanisms	   to	  competition,	   cooperation,	  dominance	  and	  submission.	   In	  
addition,	  a	  unified	  set	  of	  quantitative	  metrics	  might	  allow	  for	  the	  comparison	  of	  multi-­‐cue	  
directional	   sensing	   in	   several	   different	   systems	   in	   search	   for	   governing	   principles.	   Finally,	  
mathematical	   modeling	   holds	   a	   place	   in	   predicting	   thresholds,	   assessing	   molecular	  
mechanisms	  for	  synergy	  and	  explaining	  dominance	  by	  certain	  cues	  over	  other	  cues.	   
As	  mentioned	  above	  models	  of	  intracellular	  processes	  have	  been	  used	  extensively	  in	  
the	  spatial	  sensing/chemotaxis	  field	  to	  understand	  how	  amplification,	  adaptation	  and	  other	  
processes	  allow	   the	   cell	   to	   transmit	   the	  external	   gradient	   into	  a	   gradient	   in	   signaling	  and	  
cytoskeleton	   assembly.	   However,	   only	   a	   few	  models	   have	   been	   developed	   for	   multi-­‐cue	  
sensing	   (Wagle	   and	   Tranquillo,	   2000;	  Wu	   and	   Lin,	   2011),	   but	   show	  promise	   in	   explaining	  
why	   cues	   compete	   to	   direct	   cell	   migration.	  What	   is	   really	   exciting	   is	   the	   possibility	   that	  
these	  models	  could	  be	  incorporated	  into	  higher	  level	  models	  that	  predict	  tissue	  dynamics	  in	  
diagnostic	  samples	  (Anderson	  et	  al.,	  2006)	  or	  tissue	  engineered	  constructs	  (Haugh,	  2006).	  
We	   are	   just	   beginning	   to	   understand	  how	   cells	   integrate	  multiple	   directional	   cues	  
during	   migration.	   This	   integration	   is	   critically	   important	   given	   that	   cells	   are	   exposed	   to	  
complex	  multicomponent	   environments	   in	   vivo.	  Understanding	  how	  multiple	   cues	   impact	  
cell	  migration	  will	  advance	  cancer	  diagnostics	  by	  allowing	  cancer	  cell	  migrational	  behavior	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to	   be	   predicted	   in	   biopsies	   where	   the	   distribution	   of	   multiple	   migrational	   cues	   can	   be	  
measured	  or	  tissue	  engineering	  by	  informing	  the	  design	  of	  constructs	  that	  orchestrate	  the	  
assembly	  of	  tissue	  through	  presentation	  of	  cues	  that	  directed	  where	  and	  how	  fast	  different	  
cell	  types	  migrate	  toward	  their	  final	  targets.	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CHAPTER	  2	  
RESEARCH	  GOALS	  
	  	  
	  
In	  order	   to	  understand	   the	  processes	   that	  dictate	   cell	  migration,	   it	   is	  necessary	   to	  
translate	  the	  guiding	  signals	  found	  in	  vivo	  into	  platforms	  in	  which	  these	  signals	  can	  be	  easily	  
tuned.	   In	   that	   direction,	   the	   overall	   goal	   of	   this	   research	   is	   to	   design	   and	   fabricate	  
engineered	   platforms	   that	   allow	   presenting	   contact	   guidance	   and	   chemotactic	   signals	   to	  
cancer	   cells	   to	   study	   their	   migratory	   behavior.	   Cell	   biology	   principles,	   different	   micro-­‐
fabrication	  techniques	  and	  quantitative	  analysis	  are	  combined	  to	  achieve	  this	  purpose.	  	  
Explicitly,	  this	  research	  will	  be	  focusing	  in	  four	  specific	  goals:	  	  
Specific	  Goal	  1:	  Characterize	  quantitatively	  (by	  cell	  speed	  and	  directionality)	  the	  migrational	  
behavior	   of	   breast	   adenocarcinoma	   cells	   (MDA-­‐MB-­‐231)	   under	   the	   influence	   of	   contact	  
guidance	   cues	   delivered	   by	   microcontact	   printing.	   The	   effect	   of	   matrix	   composition	   and	  
local	  architecture	  on	  migrational	  behavior	  will	  be	  evaluated.	  	  
Specific	  Goal	  2:	  Characterize	  quantitatively	  (by	  cell	  speed	  and	  directionality)	  the	  migrational	  
behavior	   of	   breast	   adenocarcinoma	   cells	   (MDA-­‐MB-­‐231)	   under	   the	   influence	   of	   contact	  
guidance	  cues	  and	  uniform	  doses	  of	  epidermal	  growth	  factor	  (EGF)	  and	  stromal	  cell-­‐derived	  
factor-­‐1α	  (SDF-­‐1α).	  
Specific	  Goal	  3:	  Characterize	  quantitatively	  (by	  cell	  speed	  and	  directionality)	  the	  migrational	  
behavior	  of	  breast	  adenocarcinoma	  cells	  (MDA-­‐MB-­‐231)	  under	  the	  influence	  of	  chemotactic	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cues.	   	   The	   influence	   of	   epidermal	   growth	   factor	   (EGF)	   and	   stromal	   cell-­‐derived	   factor-­‐1α	  
(SDF-­‐1α)	  on	  the	  migration	  characteristics	  of	  cancer	  cells	  will	  be	  addressed	  using	  the	  Dunn	  
chemotaxis	  chamber	  and	  an	  agarose	  bead	  assay.	  	  
Specific	  Goal	  4:	  Design	  and	  fabrication	  of	  multi-­‐cue	  sensing	  platforms	  that	  allows	  presenting	  
contact	   guidance	   and	   chemotactic	   cues	   to	   cancer	   cells	   simultaneously.	   Additionally,	   such	  
platform	  must	   provide	   the	   flexibility	   to	   change	   specific	   features	   of	   each	   signal	   (midpoint	  
concentration,	   gradient	   steepness	   and	   shape)	   and	   to	   arrange	   their	   relative	   orientation	  
either	  aligned	  or	  orthogonally	  to	  each	  other.	  	  
To	   analyze	   cell	   movement,	   it	   is	   necessary	   to	   obtain	   quantitative	   parameters	   that	  
characterize	   cell	   behavior	   under	   the	   influence	   of	   environmental	   signals.	   Therefore,	   cell	  
instantaneous	  speed	  and	  directionality	  will	  be	  calculated	  using	  mathematical	  modeling	  tools	  
designed	  in	  MATLAB.	  This	  information	  will	  help	  us	  to	  understand	  the	  dynamic	  and	  complex	  
interaction	  between	  cancer	  cells	  and	  the	  variety	  of	  signals	  in	  the	  tumor	  microenvironment.	  
More	   importantly,	   by	   understanding	   the	   interactions	   between	   different	   stimuli	   that	  
influence	   cell	  migration,	   it	   will	   be	   possible	   to	   elucidate	   if	   such	   signals	   act	   synergistically,	  
additively	  or	  hierarchically.	  
The	   following	   chapters	   will	   describe	   in	   detail	   the	   experimental	   methodologies	  
carried	   out	   to	   complete	   the	   objectives	   stated	   in	   each	   of	   the	   specific	   aims.	   Chapter	   3	  
presents	  the	  advances	  in	  contact	  guidance	  experiments	  on	  MDA-­‐MB-­‐231	  cells.	  The	  effect	  of	  
external	  perturbations	  in	  the	  form	  of	  uniform	  doses	  of	  EGF	  and	  SDF-­‐1α	  along	  with	  contact	  
guidance	   is	   explored	   and	   analyzed.	   Also,	   the	   effect	   of	   contractility	   inhibitors	   in	   the	  
migratory	  responses	  of	  MDA-­‐MB-­‐231	  cells	  is	  explained	  in	  this	  chapter.	  Chapter	  4	  studies	  the	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effect	   of	   chemotactic	   gradients	   using	   Dunn	   chemotaxis	   chamber	   and	   the	   agarose	   spot	  
assay.	  Later,	  these	  methodologies	  are	  integrated	  with	  micropatterned	  surfaces	  to	  assemble	  
multi-­‐cue	   sensing	   platforms.	   In	   chapter	   5	   explains	   the	   ongoing	   work	   that	   attempts	   to	  
integrate	  microfluidic	  devices	  and	  contact	  guidance	  signals.	  Some	  work	  in	  3D	  environments	  
is	   also	   presented.	   Finally,	   chapter	   6	   presents	   the	   conclusions	   derived	   from	   this	  work	   and	  
chapter	  7	  contains	  work	  in	  other	  areas	  of	  cell	  migration.	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CHAPTER	  3	  
PLASTICITY	  OF	  CONTACT	  GUIDANCE	  BEHAVIOR	  OF	  MDA-­‐MB-­‐231	  
CELLS:	  THE	  EFFECT	  OF	  SOLUBLE	  FACTORS	  AND	  CONTRACTILITY	  
INHIBITORS.	  
	  
3.1	  Abstract	  
	  
Cells	  in	  the	  tumor	  microenvironment	  receive	  chemical	  and	  physical	  signals	  not	  only	  
from	   the	   extracellular	   matrix,	   but	   also	   from	   neighboring	   cells	   in	   a	   highly	   dynamic	   and	  
intricate	  system.	  Topographic	  features	  of	  the	  surrounding	  tissue	  in	  the	  form	  of	  fibrils	  direct	  
cell	   movement	   outward	   from	   the	   tumor,	   in	   a	   process	   known	   as	   contact	   guidance.	  
Additionally,	   cells	   in	   the	   tumor	   stroma	   release	   soluble	   factors	   that	  bias	   cell	  movement	   to	  
specific	   target	   locations,	   such	  as	   the	  vasculature	   from	  which	  cells	   can	  scape	   to	   secondary	  
locations,	   in	   a	   process	   known	   as	   chemotaxis.	   This	   section	  will	   describe	   our	   findings	  with	  
regards	   to	   the	   plasticity	   of	   contact	   guidance	  mechanisms,	   in	   particular	   the	   effect	   of	   two	  
different	  soluble	  factor	  and	  inhibitors	  of	  cell	  contractility.	  
In	   this	   chapter	   we	   describe	   the	   migrational	   response	   of	   MDA-­‐MB-­‐231	   cells	   to	  
contact	  guidance	  signals	  fabricated	  using	  micro-­‐contact	  printing	  techniques.	  Morphological	  
features	  of	   connective	   tissue	  are	   translated	   into	   line	  patterns	  at	   the	  micro	   scale,	   and	   the	  
effect	   ECM	   coating	   density,	   line	   width	   and	   spacing	   in	   cell	   alignment,	   speed	   and	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directionality	   is	  analyzed.	  Additionally,	   to	  address	  the	   influence	  of	   the	  extracellular	  matrix	  
composition,	  collagen	  type	  I	  and	  matrigel	  are	  used	  to	  generate	  these	  line	  patterns.	  Results	  
show	   that	   cell	   alignment	   and	   contact	   guidance	   fidelity	   is	   higher	   on	   widely	   space	   lines.	  
Collagen	  coating	  density	  changes	  qualitatively	  cell	  speed	  and	  directionality.	  	  
Second,	   we	   explore	   the	   effect	   of	   external	   and	   internal	   perturbations	   on	   the	  
migratory	  patterns	  of	  cells	  on	  contact	  guidance	  lines.	  Uniform	  doses	  of	  promigratory	  factors	  
and	  contractility	  inhibitors	  were	  added	  to	  cells	  on	  collagen	  printed	  lines.	  Interestingly,	  while	  
uniform	  doses	  of	  epidermal	  growth	  factor	   (EGF)	  or	  stromal	  cell	  derived	   factor-­‐1a	   (SDF-­‐1a)	  
increase	  migration	  speed,	  the	  cell	  diminishes	  its	  ability	  to	  migrate	  directionally.	  Intracellular	  
perturbations	  are	  evaluated	  too,	  by	  inhibiting	  myosin	  II	  with	  uniform	  doses	  of	  Blebbistatin	  
that	   affect	   the	   cell’s	   ability	   to	   generate	   traction	   forces.	   In	   a	   similar	   way,	   this	   affected	  
negatively	  the	  directional	  migration	  of	  cell	  on	  widely	  spaced	  lines.	  	  
Analysis	   of	   these	   results	   provided	   insight	   into	   the	   mechanisms	   of	   directed	   cell	  
migration	  in	  response	  to	  signals	  of	  different	  nature.	  More	  importantly,	  results	  in	  this	  section	  
constitute	   the	   base	   line	   of	   comparison	   for	   studies	   that	   address	  migration	   of	   cancer	   cells	  
under	  the	  influence	  of	  both	  contact	  guidance	  and	  chemotactic	  cues,	  to	  be	  discussed	  next.	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3.2	  Introduction	  
	  
Metastasis	  is	  the	  result	  of	  a	  series	  of	  steps	  known	  as	  the	  metastatic	  cascade	  (Gupta	  
&	  Massague,	  2006).	  The	  movement	  of	  cancer	  cells	  into	  tissue	  surrounding	  the	  tumor	  is	  the	  
first	  step	  in	  the	  spread	  of	  metastatic	  cancer.	  Then,	  cancer	  cells	  must	  reach	  blood	  or	  lymph	  
vessels	  in	  order	  to	  gain	  access	  to	  distant	  sites	  in	  the	  body	  (Yamaguchi	  et	  al.,	  2005).	  Recent	  
studies	  show	  that	  migration	  from	  the	  primary	  tumor	  is	  rather	  directional,	  as	  cells	  interpret	  
guidance	  cues	  present	  in	  the	  tumor	  microenvironment	  (Wang	  et	  al.,	  2005).	  While	  individual	  
biochemical	   and	   biophysical	   cues	   in	   a	   cell’s	   milieu	   and	   functions	   like	   proliferation	   and	  
migration	  have	  been	  actively	  studied	  in	  a	  variety	  of	  physiologically	  relevant	  situations,	  how	  
multiple	  signals	   in	   the	   tumor	  microenvironment	  guide	   the	  migration	  of	  cancer	  cells	   is	   still	  
largely	  unknown.	  
Amongst	   the	  myriad	  of	   signals	   to	  which	  cancer	  cells	  are	  exposed,	   the	  extracellular	  
matrix	  (ECM)	  organization	  and	  its	  composition	  along	  with	  soluble	  factors	  released	  by	  other	  
cells	   in	   the	   tumor	   stroma	  have	  been	  noted	   to	  be	   important.	   	   Solid	   tumors	   exhibit	   a	   very	  
distinct	   composition	   and	   structural	   organization	   of	   ECM	   proteins,	   and	   specific	   cell-­‐matrix	  
interactions	   are	   formed	  between	   the	   structural	   components	  of	   the	  ECM	  and	   tumor	   cells,	  
which	   influence	   functions	   such	   as	   migration	   (Allen	   &	   Jones,	   2011).	   Also,	   communication	  
between	   tumor	   cells	   and	   their	   environment	   is	   mediated	   by	   soluble	   molecules.	   These	  
mediators	   are	   released	   either	   by	   other	   cells	   in	   the	   surrounding	   tissue	   or	   by	   cells	   in	   the	  
primary	   tumor,	   providing	   yet	   another	   signal	   to	   guide	   cell	  movement	   (Ridley	   et	   al.,	   2003;	  
Wyckoff	   et	   al.,	   2004;	   Roussos	   et	   al.,	   2011).	   Cells	   use	   signal	   transduction	   pathways	   that	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connect	   the	   intrinsic	  cell	  migration	  machinery	  to	  these	  external	  stimuli	   to	  orchestrate	  cell	  
behavior.	   Thus,	   structural	   elements	   in	   the	   surrounding	   tissue	   and	   soluble	   factors	   activate	  
signaling	  pathways	  that	  promote	  changes	  in	  cell	  morphology	  and	  consequently	  affect	  their	  
migration	  characteristics.	  	  
	  
Cancer	   invasion	  can	  occur	  either	   individually	  or	   collectively.	  Cell	   genotype	  and	   the	  
influence	  of	  the	  tissue	  environment	  determine	  the	  way	   in	  which	  cancer	  cells	  move	  and	   in	  
general,	  these	  types	  of	  migration	  share	  the	  same	  underlying	  mechanisms	  as	  those	  exhibited	  
by	  normal	  cells	   (Friedl	  &	  Wolf,	  2009).	   Invasive	  single	  cell	  migration	  can	  be	  summarized	   in	  
five	  steps:	  First,	  cell	  polarizes	  due	  to	  the	  action	  of	  external	  stimuli.	  Then,	  the	  leading	  edge	  
protrusions	   connect	   to	   the	   ECM,	  which	   activates	   the	   recruitment	   of	  molecules	   that	   form	  
focal	   adhesions.	   Particularly,	   when	   cancer	   cells	   engage	  with	   the	   ECM,	   remodeling	   of	   the	  
tissue	   takes	   place,	   a	   conspicuous	   and	   definitive	   step	   in	   tumor	   progression	   and	   invasion	  
(Fisher	   et	   al.,	   2006;	   Provenzano	   et	   al.,	   2009).	   Subsequently,	   myosin	   II	   is	   activated	   and	  
contraction	  of	   the	  cytoskeleton	  generates	   tension	   inside	   the	  cells.	  Contraction	   is	   followed	  
by	   the	   gradual	   turnover	  of	   adhesive	  bonds	   connecting	   the	   cell	   to	   the	   ECM	  at	   the	   trailing	  
edge	  while	  the	  cell	  body	  moves	  forward	  (Yamaguchi	  et	  al.,	  2005).	  
	  
3.2.1	  Contact	  guidance	  in	  cancer	  cells	  	  
Others	  have	  shown	  that	  contact	  guidance	  is	  important	  during	  tumor	  progression	  and	  
invasion	  (Provenzano	  et	  al.,	  2006).	  As	  tumors	  develop,	  changes	  at	  the	  tumor	  margin	  occur.	  
For	  instance,	   increased	  amounts	  of	  collagen	  are	  deposited	  by	  fibroblast	  and	  other	  stromal	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cells	   while	   the	   mechanical	   properties	   of	   the	   tissue	   change	   as	   the	   degree	   of	   collagen	  
crosslinking	  increases	  (Paszek	  et	  al.,	  2005;	  Kraning-­‐Rush	  et	  al.,	  2013).	  During	  the	  first	  steps	  
of	   metastatic	   invasion,	   increased	   tension	   of	   the	   ECM	   leads	   to	   the	   formation	   of	   collagen	  
bundles	  that	  extent	  radially	  from	  the	  tumor	  (Provenzano	  et	  al.,	  2008).	  Additionally,	  invasion	  
across	  basement	  membranes	  occur	  by	  selective	  proteolysis,	  and	  recent	  evidence	  suggests	  
that	  during	  this	  step,	  leader	  cells	  rearrange	  the	  microenvironment	  to	  create	  tracks	  that	  are	  
used	  by	  follower	  cells	  to	  migrate	  away	  from	  the	  tumor	  and	  into	  the	  vascular	  system	  in	  the	  
vicinity	  (Zaman	  et	  al.,	  2006;	  Sabeh	  et	  al.,	  2009).	  	  
Different	  approaches	  have	  been	  explored	  to	  reproduce	  contact	  guidance	  signals	   in	  
vitro.	  Two-­‐dimensional	   techniques	   include	  electrospinning	  of	  collagen	  and	  other	  polymers	  
(Doshi	   &	   Reneker,	   1995;	   Park	   et	   al.,	   2011)	   or	   the	   fabrication	   of	   collagen	   fibrils	   either	   by	  
monolayer	   self-­‐assembly	   (Amyot	   et	   al.,	   2008)	   or	   deposition	   on	   epitaxially	   oriented	   mica	  
(Leow	   &	   Hwang,	   2011).	   Amongst	   the	   methodologies	   used,	   microcontact	   printing	   has	  
emerged	   as	   a	   versatile	   and	   fairly	   simple	   technique	   with	   multiple	   advantages	   (Xia	   et	   al.,	  
2008).	  Unlike	  the	  methodologies	  presented	  previously,	  microcontact	  printing	  allows	  specific	  
control	  of	  patterns	  and	  dimensions	  up	  to	  micron	  range.	  Additionally,	  microcontact	  printing	  
is	  highly	   reproducible	  and	   flexible,	  which	  accounts	   for	   the	  ability	   to	   tune	   the	  morphology	  
and	   the	  chemistry	  of	   the	   substrate,	  without	   the	  need	  of	  highly	   specialized	  equipment.	  As	  
such,	  this	  technology	  has	  been	  used	  to	  characterize	  a	  variety	  of	  cell	  responses:	  cytoskeletal	  
dynamics	  (Csucs	  et	  al.,	  2007;	  Pouthas	  et	  al.,	  2008)	  and	  the	  details	  of	  signaling	  pathways	  that	  
mediate	  cell	  morphology	  and	  adhesion	  mechanics	  (Lehnert	  et	  al.,	  2004)	  and	  cell	  migration	  
(Kandere-­‐Grzybowska	  et	  al.,	  2007;	  Kushiro	  et	  al.,	  2010).	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Although	  much	  of	  the	  work	  reported	  thus	  far	  has	  contributed	  to	  the	  understanding	  
and	  characterization	  of	  contact	  guidance	  responses	  in	  different	  cell	  types,	  the	  way	  in	  which	  
different	  features	  of	  the	  contact	  guidance	  cue	  affect	  directionality	  has	  not	  been	  examined	  
systematically.	  Early	  studies	  characterized	  the	  extent	  of	  the	  contact	  guidance	  phenomena	  in	  
cancer	   cells	   in	   comparison	   to	   fibroblasts.	   Results	   suggested	   that	   cancer	   cells	   are	   less	  
responsive	   to	   the	   topography	  of	   the	   substrate	   than	  other	   cell	   types	  under	   the	   conditions	  
tested	  (McCartney	  &	  Buck,	  1981).	  However,	  multiple	  studies	  that	  address	  contact	  guidance	  
in	  the	  context	  of	  cancer	  metastasis	  highlight	  the	  significance	  of	  interactions	  between	  cancer	  
cells	   and	   the	   surrounding	   stroma	   in	   3D	   matrices,	   especially	   the	   role	   of	   matrix	  
metalloproteinase	  (MMP)	  in	  tissue	  degradation	  (Provenzano	  et	  al.,	  2009).	  Recent	  evidence	  
also	   suggests	   that	  cancer	  cells	   in	  3D	  deform	  their	   cytoskeleton	   to	   squeeze	   through	  highly	  
restrictive	  channels,	  thus	  emphasizing	  the	  flexibility	  of	  the	  mechanisms	  that	  cells	  rely	  on	  to	  
in	  order	  to	  invade	  locally	  (Mak,	  2011;	  Starke,	  2014,).	  While	  3D	  studies	  have	  contributed	  to	  
understand	  cell	  dynamics	  in	  a	  way	  that	  mimics	  in	  vivo	  conditions,	  studies	  carried	  out	  in	  2D	  
environments	  are	  still	  important	  due	  to	  the	  availability	  of	  multiple	  tools	  for	  organizing	  ECM,	  
imaging	  subcellular	  localization	  and	  quantitatively	  analyzing	  cell	  migration	  behavior.	  	  
Recently,	  research	  carried	  out	  in	  our	  laboratory	  explored	  the	  effect	  of	  line	  density	  or	  
spacing,	  cell	  contractility	  and	  cell	  adhesivity	  on	  the	  migration	  of	  rat	  adenocarcinoma	  breast	  
cancer	  cells	  (MTLn3).	  This	  cell	  line	  is	  weakly	  adhesive	  and	  migrates	  with	  an	  amoeboid	  mode	  
of	  migration.	  In	  particular,	  the	  number	  of	  lines	  that	  a	  cell	  touches	  has	  a	  powerful	  effect	  in	  
the	  fidelity	  of	  contact	  guidance	  (Romsey	  et	  al.,	  2013).	   	   In	  addition,	  decreasing	  contractility	  
seemed	   to	   degrade	   the	   directional	   response	   monotonically,	   whereas	   it’s	   response	   on	  
61	  
 
 
migration	   speed	   depended	   on	   the	   adhesive	   strength.	   As	  mentioned	   before,	   responses	   to	  
signals	   in	   the	   environment	   are	   cell-­‐type	   dependent.	   In	   this	   regard,	   we	   attempt	   to	  
characterize	  morphological	   features	  of	  a	  human	  breast	   cancer	   cell	   line	   (MDA-­‐MB-­‐231)	  on	  
substrates	   fabricated	   through	   microcontact	   printing	   with	   different	   geometries,	   different	  
proteins	   and	   different	   adhesivity.	   This	   cell	   line	   is	   strongly	   adhesive	   and	   migrates	   with	   a	  
mesenchymal	  mode	  of	  migration.	  Variables	  such	  as	  line	  spacing	  and	  width	  will	  account	  for	  
the	  local	  architecture	  of	  the	  ECM,	  while	  different	  ECM	  proteins	  are	  used	  to	  test	  the	  effect	  of	  
ECM	  composition	  and	  adhesivity.	  	  Movement	  of	  these	  cells	  on	  line	  patterns	  is	  evaluated	  and	  
characterized	  quantitatively	  by	  speed	  and	  persistence.	  	  
	  
3.2.2	  Chemokinetic	  signals	  modulate	  contact	  guidance	  responses	  
The	   presence	   of	   chemical	   signals	   in	   the	   tumor	   microenvironment	   has	   been	  
documented	   widely	   in	   several	   reports,	   but	   the	   way	   in	   which	   these	   signals	   modify	   or	  
interfere	   with	   contact	   guidance	   fields	   in	   directed	   cell	   migration	   has	   not	   been	   explored.	  
Promigratory	  factors	  such	  as	  epidermal	  growth	  factor	  (EGF)	  and	  stromal	  cell	  derived	  factor	  
(SDF-­‐1α)	  have	  been	  consistently	   identified	  during	  progression	  of	  metastasis.	   For	   instance,	  
the	   overexpression	   of	   epidermal	   growth	   factor	   receptor	   (EGFR)	   has	   been	   correlated	  with	  
metastatic	   and	   highly	   invasive	   tumors	   (Normanno,	   2006).	   Similarly,	   mounting	   evidence	  
confirms	  the	  role	  of	  the	  SDF-­‐1α/CXCR4	  pair	  in	  melanoma	  and	  breast	  cancer	  cell	  metastasis	  
(Muller,	  2001).	  Thus,	  part	  of	  this	  work	  will	  address	  how	  uniform	  doses	  of	  epidermal	  growth	  
factor	  (EGF)	  and	  stromal	  cell	  derived	  factor	  (SDF-­‐1α)	  enhance	  or	  impair	  the	  cell’s	  ability	  to	  
migrate	  in	  response	  to	  contact	  guidance	  signals.	  Detailed	  analysis	  of	  migratory	  parameters	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is	   presented,	   and	   the	   influence	   of	   these	   soluble	   factors	   on	   cell	   morphology,	   actin	  
organization	  and	  focal	  adhesion	  mechanics	  is	  discussed.	  	  
	  
3.2.3	  Contractile	  state	  of	  the	  cell	  impairs	  cell	  intrinsic	  compass	  	  
Analysis	   of	   studies	   that	   address	   contact	   guidance	   and	   chemotaxis	   simultaneously	  
suggest	  that	  intrinsic	  contractility	  of	  cells	  could	  determine	  the	  dominance	  of	  one	  directional	  
cue	  over	  another	   (Lara	  Rodriguez	  and	  Schneider,	  2013).	   To	  modulate	   cell	   contractility	  we	  
use	  blebbistatin	  to	  inhibit	  myosin	  II	  ATPase	  activity	  in	  the	  cells.	  Myosin	  II	  is	  an	  motor	  protein	  
that	  is	  associated	  with	  F-­‐actin	  and	  is	  essential	  during	  migration;	  since	  its	  main	  function	  is	  to	  
regulate	   the	   contraction	   of	   the	   actin	   cytoskeleton	   (Cai	   et	   al.,	   2006).	   In	   the	   same	   way,	  
contraction	   is	   linked	   to	   the	   cell’s	   ability	   to	   overcome	   adhesion	   (Khatiwala	   et	   al.,	   2006).	  
Blebbistatin	   was	   recently	   discovered	   as	   a	   small	   molecule	   inhibitor	   of	   muscle	   and	   non-­‐
muscle	   myosin	   II	   (Kovacs	   et	   al.,	   2004).	   Because	   of	   its	   selectivity	   and	   high	   affinity,	   it	   has	  
become	  a	  popular	  tool	   in	  the	  field	  of	  cell	  motility.	  Moreover,	  migration	  studies	  on	  MTLn3	  
cells	   on	   collagen	   patterns	   demonstrated	   that	   decreasing	   contractility	   monotonically	  
decreased	  contact	  guidance	  fidelity.	  However,	  cell	  speed	  decreased	  or	  increased	  depending	  
on	  the	  adhesion	  properties	  of	  the	  substrate	  (Romsey	  et	  al.,	  2013).	  Contractility	  seems	  to	  aid	  
the	  arrangement	  of	  actin	  networks	  in	  the	  direction	  of	  the	  contact	  guidance	  signal	  and	  thus,	  
increased	  contractility	  triggers	  higher	  directionality.	  Therefore,	  we	  intend	  to	  investigate	  the	  
effect	   of	   low	   doses	   of	   blebbistatin	   that	   will	   partially	   inhibit	   contractility,	   to	   evaluate	   if	  
migration	  of	  cells	  in	  a	  contact	  guidance	  field	  is	  modified.	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The	   results	   obtained	   in	   this	   section	   assess	   the	   effect	   of	   external	   or	   internal	  
perturbation	  in	  the	  migratory	  responses	  of	  breast	  cancer	  cells	  to	  contact	  guidance	  signals.	  
Additionally,	   this	   information	   will	   constitute	   the	   base	   line	   of	   studies	   that	   cover	   the	  
concerted	   action	   of	   multiple	   signals	   during	   invasion	   in	   metastasis.	   By	   using	   a	   highly	  
metastatic	   and	   consequently	   highly	  migratory	   cell	   line,	   ECM	   proteins	   and	   soluble	   factors	  
shown	  to	  be	  relevant	  during	  early	  stages	  of	  migration	  in	  cancer,	  it	  is	  possible	  to	  have	  model	  
that	  captures	  important	  variables	  of	  the	  cancer	  cell	  invasion	  phenomena.	  Moreover,	  these	  
systems	   will	   allow	   us	   to	   determine	   how	   different	   microenvironments	   will	   quantitatively	  
alter	  cell	  migration	  and	  potential	  invasion,	  	  
	  
	  
3.3	  Materials	  and	  Methods	  
	  
3.3.1	  Materials	  	  
The	   human	   metastatic	   breast	   cancer	   cell	   line	   MDA-­‐MB-­‐231	   was	   purchased	   from	  
American	   Type	   Culture	   Collection	   (Manassas,	   VA),	   cultured	   in	   DMEM	   and	   kept	   in	   a	   CO2	  
incubator	   at	   37°C.	   Cell	   culture	   media	   was	   Dulbecco’s	   eagle	   modified	   media	   (DMEM)	  
containing	   10%	   fetal	   bovine	   serum-­‐FBS	   (Invitrogen)	   and	   1%	   penicillin-­‐streptomycin.	   Low-­‐
serum	  DMEM	  was	  prepared	  using	  DMEM	  without	  phenol	  red	  supplemented	  with	  5%	  fetal	  
bovine	  serum-­‐FBS	  (Invitrogen)	  and	  1%	  penicillin-­‐streptomycin.	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3.3.2	  Microcontact	  printing	  	  
All	  chemicals	  were	  purchased	  from	  Sigma	  (St.	  Louis,	  Missouri,	  US)	  or	  Fisher	  Scientific	  
(Hampton,	  New	  Hampshire,	  US)	  unless	  otherwise	  noted.	  Coverslips	  used	   for	  microcontact	  
printing	  were	   aldehyde	   functionalized.	  No.	   1-­‐22	   x	   30	  mm	   square	   coverslips	   (Corning	   Inc.,	  
Corning,	   New	   York,	   US)	   were	   sonicated	   in	   the	   following	   solutions:	   hot	   tap	   water	   with	  
Neutrad	   (Decon	   Labs,	   King	  of	   Prussia,	   Pennsylvania,	  US),	   hot	   tap	  water,	   distilled	  water,	   1	  
mM	  EDTA	  solution,	  70%	  ethanol	  in	  water	  and	  100%	  ethanol.	  An	  adaptation	  of	  a	  protocol	  to	  
functionalize	  coverslips	  with	  glutaraldehyde	  was	  used	  (Branch	  et	  al.,	  1998).	  The	  coverslips	  
were	   soaked	   in	   a	   3:1	   sulfuric	   acid:30%	   hydrogen	   peroxide	   solution,	   washed	  with	   double	  
distilled	  water	  and	  placed	   in	  a	  solution	  of	  1%	  aminopropyltriethylsilane	  (APTES)	   in	  10	  mM	  
acetic	  acid.	  They	  were	  then	  heat-­‐treated	  in	  an	  oven	  at	  100	  °C.	  Finally,	  the	  coverslips	  were	  
treated	  with	   6%	   glutaraldehyde	   in	   phosphate	   buffered	   saline	   (PBS)	   (Gibco,	   Grand	   Island,	  
New	  York,	  US).	  The	  coverslips	  were	  stored	  in	  double	  distilled	  water	  at	  4	  °C	  until	  use.	  	  
Masks	  for	  the	  patterns	  and	  SU-­‐8	  coated	  silicon	  molds	  were	  made	  by	  the	  Minnesota	  
Nano	  Center	   at	   the	  University	  of	  Minnesota	   (Minneapolis,	  MN,	  US).	   Polydimethylsiloxane	  
(PDMS)	   stamps	   were	   created	   by	   mixing	   184	   Silicone	   Elastomer	   Base	   (Dow	   Corning,	  
Ellsworth	   Adhesives,	   Germantown,	  Wisconsin,	   US)	   with	   its	   curing	   agent	   in	   a	   10:1	  weight	  
ratio	  and	  then	  allowing	  it	  to	  spread	  on	  top	  of	  a	  fused	  silica	  master.	  The	  master	  coated	  with	  
PDMS	  was	  exposed	  to	  a	  vacuum	  to	  remove	  any	  air	  bubbles	  and	  heated	  for	  an	  hour	  at	  60	  °C	  
to	   cure	   the	   PDMS.	   PDMS	   stamps	   were	   sonicated	   in	   double	   distilled	   water	   and	   in	   100%	  
ethanol.	  A	  200	  μL	  collagen	  solution	  of	  60	  μg/mL	  collagen	  I	  and	  25	  μg/mL	  alexa	  555-­‐labeled	  
collagen	   I	   in	   0.5	  M	   acetic	   acid	   was	   applied	   to	   each	   stamp.	   After	   40	  min	   incubation,	   the	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collagen	  solution	  was	  wicked	  off	  and	  then	  applied	  to	  an	  aldehyde-­‐functionalized	  coverslip.	  
This	  system	  was	  allowed	  to	  incubate	  for	  fifteen	  minutes,	  and	  then	  the	  stamp	  was	  removed.	  
The	   coverslip	   incubated	   for	   an	   additional	   two	   hours	   and	  was	   then	   backfilled	   with	   either	  
poly-­‐L-­‐lysine	   (PLL)	   or	   poly-­‐L-­‐lysine	   polyethylene	   glycol	   (PLL-­‐PEG,	   Alamanda	   Polymers,	  
Huntsville,	   AL,	  US)	   for	   one	   hour.	   PLL	  was	   >30,000	  MW	  and	  PLL-­‐PEG	  was	   16,000	  MW	  PLL	  
attached	  to	  5000	  MW	  PEG.	  The	  PLL	  or	  PLL-­‐PEG	  solutions	  were	  each	  applied	  for	  one	  hour	  at	  
concentrations	  of	  1,000,	  250	  and	  1000	  μg/ml,	  respectively.	  	  
	  
3.3.3	  Cell	  culture	  and	  seeding	  	  
MDA-­‐MB-­‐231	   cells	   were	   subcultured	   in	   DMEM	   media	   (Gibco,	   Grand	   Island,	   New	  
York,	  US).	   Cells	   between	   passage	   three	   and	   twenty	  were	   detached	   from	   the	   culture	   dish	  
surface	  using	  Trypsin	  EDTA	  and	  resuspended	  in	  low	  serum	  DMEM.	  Then,	  they	  were	  plated	  
onto	   patterned	   coverslips	   at	   an	   approximate	   density	   of	   200,000	   cells	   per	   coverslip.	   Cells	  
were	   allowed	   to	   attach	   to	   the	   coverslip	   for	   three	   to	   four	   hours.	   The	   coverslip	   was	   then	  
inverted	  onto	  a	  microscope	  slide	  with	  strips	  of	  double-­‐sided	  sticky	  tape.	  This	  chamber	  was	  
filled	  with	  low	  serum	  DMEM	  and	  sealed	  using	  VALAP.	  	  
	  
3.3.4	  Cell	  imaging	   	  
The	  microscopy	  stage	  was	  heated	  with	  an	  air	  curtain	  (Nevtech,	  Gardnerville,	  Nevada,	  
US)	  or	  through	  use	  of	  a	  perfusion	  chamber	  with	  temperature	  control	  (Warner	  Instruments,	  
Hamden,	  Connecticut,	  US).	  The	  heater	  was	  allowed	  to	  reach	  a	  steady-­‐state	  37	  °C	  before	  the	  
sample	   was	   imaged.	   Before	   cells	   were	   imaged,	   lines	   were	   imaged	   using	   epifluorescence	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microscopy.	  Cells	  were	  imaged	  using	  phase	  microscopy	  at	  two-­‐minute	  intervals	  for	  up	  to	  8	  
hours.	   Images	   were	   captured	   at	   10X	   (NA	   0.50)	   with	   a	   charge-­‐coupled	   device	   (CoolSNAP	  
HQ2,	   Photometrics,	   Tuscan,	   Arizona,	   US)	   attached	   to	   an	   inverted	   microscope	   (Eclipse	  
Ti,Nikon,Tokyo,Japan).	  Image	  equipment	  was	  controlled	  by	  MicroManager	  1.3.	  
	  
3.3.5	  Immunofluorescence	  microscopy	  	  
MDA-­‐MB-­‐231	   cells	  were	   incubated	  on	  patterned	   coverslips	   for	   six	  hours	   and	   fixed	  
and	  stained	  as	  performed	  previously	  (Schneider	  et	  al.,	  2009).	  F-­‐actin	  was	  stained	  using	  alexa	  
488-­‐phalloidin	   (Life	   Technologies)	   and	   paxillin	   was	   stained	   using	   mouse-­‐anti	   paxillin	  
antibody	   (349,	   BD	   Biosciences)	   and	   a	   donkey-­‐anti	   mouse	   Cy5	   antibody	   (Jackson	  
ImmunoResearch).	  Fixed	  and	  stained	  cells	  were	  imaged	  by	  epifluorescence	  imaging	  using	  a	  
60X	  or	  40	  X	  oil	  objectives	  (NA	  1.49	  and	  NA	  1.3	  respectively,	  Nikon).	  Images	  were	  taken	  using	  
the	  same	  microscope,	  camera	  and	  software	  and	  described	  above.	  	  
	  
3.3.8	  Migration	  data	  analysis	  	  
	  
The	  cells	   in	   the	   image	   sequences	  were	  manually	   tracked	  using	  MtrackJ,	   an	   ImageJ	  
add-­‐on.	  The	  nucleus	  of	  each	  qualifying	  migrating	  cell	  was	  tracked.	  Only	  cells	  that	  lived	  for	  or	  
stayed	   within	   the	   bounds	   of	   the	   imaging	   field	   for	   at	   least	   six	   hours	   and	   migrated	   were	  
tracked.	  A	  cell	  that	  divided	  must	  have	  migrated	  by	  itself	  for	  six	  consecutive	  hours,	  without	  
interruption	  by	  cellular	  division	  to	  be	  tracked.	  A	  cell	  resulting	  from	  division	  must	  migrate	  for	  
six	  hours	  on	  its	  own,	  following	  the	  same	  criteria	  as	  a	  non-­‐dividing	  cell.	  In	  addition,	  any	  cells	  
on	  damaged	  line	  segments	  were	  not	  counted.	  The	  position	  of	  each	  cell	  was	  registered	  using	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MtrackJ	  and	  the	  directionality	  and	  migration	  speed	  was	  calculated	  using	  a	  MATLAB	  script,	  
as	  follows.	  The	  movement	  of	  the	  cell	  from	  one	  position	  (x1,	  y1)	  to	  another	  position	  (x2,	  y2)	  
over	   a	   given	   time	   interval	   (t1	   to	   t2)	  was	  used	   to	   calculate	   the	  angle	  of	   displacement	  with	  
respect	  to	  the	  long	  axis	  of	  the	  collagen	  lines,	  θ	  and	  the	  migration	  speed,	  S.	  The	  time	  interval	  
is	  referred	  to	  as	  the	  time	  lag	  (τ=	  ti+1	  –	  ti).	  Different	  time	  lags	  can	  be	  used	  to	  calculate	  θ	  and	  S.	  
For	   instance,	   instead	  of	  using	  positions	  at	   ti	  and	  ti+1,	  one	  could	  use	  positions	  at	   ti	  and	  ti+2,	  
increasing	  the	  time	  lag	  by	  a	  factor	  of	  2.	  Therefore,	  the	  smallest	  time	  lag	  corresponds	  to	  the	  
sampling	  frequency	  of	  the	  image	  sequences	  which	  is	  ~	  2	  mins.	  The	  angle	  distributions	  were	  
assembled	  using	  all	  θ’s	  from	  each	  non-­‐overlapping	  time	  interval	  from	  all	  cells	  at	  a	  particular	  
condition.	  The	  angle	  of	  displacement	  with	  respect	  to	  the	  long	  axis	  of	  the	  collagen	  lines,	  θ,	  
ranges	   from	  0	   to	  π/2,	  where	  0	   corresponds	   to	  displacement	  parallel	   to	   the	   collagen	   lines	  
and	  π/2	  corresponds	  to	  displacement	  perpendicular	  to	  the	  collagen	  lines.	  	  
Cell	  directionality,	  DI,	  was	  calculated	  for	  each	  cell	  using	  the	  following	  equation:	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Where	  N	  is	  the	  number	  of	  time	  intervals	  contained	  in	  an	   individual	  cell	  track	  and	  θi	   is	  the	  
angle	  of	  cell	  movement	  with	  respect	   to	   the	  collagen	   lines	  between	  two	  times	   (ti+1	   -­‐	   ti	  =τ).	  
This	  value	  was	  then	  averaged	  among	  cells	  to	  construct	  an	  average	  DI	  for	  a	  given	  condition.	  
Cell	  migration	  speed,	  S,	  was	  calculated	  for	  each	  cell	  using	  the	  following	  equation:	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Where	  N	  is	  the	  number	  of	  time	  intervals	  contained	  in	  an	  individual	  cell	  track	  and	  Δx	  and	  Δy	  
are	  the	  x	  and	  y	  displacements	  between	  two	  times	  (ti+1	  -­‐	  ti	  =	  τ).	  This	  value	  was	  then	  averaged	  
among	  cells	  to	  construct	  an	  average	  S	  for	  a	  given	  condition.	  	  
	  
3.3.9	  Quantitative	  analysis	  of	  focal	  adhesions	  	  
Images	   of	   focal	   adhesions	  were	   taken	   using	   a	   60X	   objective	   and	   constant	   300	  ms	  
exposure	  time.	  Focal	  adhesions	  were	  quantified	  using	  image-­‐processing	  tools	  on	  ImageJ	  as	  
follows.	  Background	  subtraction	  at	  6	  pixels	  and	  median	  filter	  were	  applied	  initially,	  and	  the	  
distribution	  of	  pixels	   in	   the	  resulting	   image	  was	  obtained.	  The	  value	  corresponding	  to	  the	  
change	  in	  slope	  of	  the	  distribution	  on	  logarithmic	  scale	  indicated	  a	  threshold	  value	  to	  select	  
areas	  of	  the	  image	  with	  intensity	  values	  that	  correspond	  to	  focal	  adhesions.	  	  The	  threshold	  
image	  was	  multiplied	  with	   the	  original	   image	   in	   order	   to	   keep	   the	  original	   gray	   values	   in	  
every	  focal	  adhesion.	  	  The	  cell	  body	  was	  outlined	  manually,	  and	  area,	  mean	  gray	  value	  and	  
number	  of	  focal	  adhesion	  in	  each	  cell	  were	  quantified	  for	  each	  condition.	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3.4	  Results	  
3.4.1	   Composition	   and	   adhesivity	   of	   printed	   substrates	   control	   the	   morphology,	   actin	  
organization	  and	  focal	  adhesion	  distribution	  of	  MDA-­‐MB-­‐231	  cells	  
	  
Histological	   staining	   of	   biopsied	   sections	   from	   tumors	   at	   different	   growth	   stages	  
show	  the	  heterogeneity	  of	  the	  ECM	  in	  the	  tumor	  microenvironment	  (Shivers	  et	  al.,	  1998).	  
The	  degree	  of	  alignment	  and	  the	  density	  of	  fibril	  bundles	  of	  ECM	  are	  reproduced	  by	  using	  3	  
different	  patterns	  of	  collagen	  type	  I.	  Lines	  of	  3-­‐mm	  width	  with	  spacing	  of	  3	  or	  10	  mm	  	  and	  
uniform	   surfaces	   were	   fabricated	   by	   microcontact	   printing	   as	   described	   in	   the	   previous	  
section.	   Additionally,	   two	  molecules	  with	   different	   non-­‐specific	   adhesion	   properties	  were	  
used	   to	   backfill	   the	   collagen	   substrates	   to	   test	   its	   effect	   on	   actin	   organization	   and	  
morphological	  features	  (PLL	  and	  PLL-­‐PEG).	  	  Figure	  3.1	  shows	  the	  epifluorescence	  images	  of	  
MDA-­‐MB-­‐231	  cells	  on	  collagen	  substrates	  of	  flat,	  3x3	  or	  3x10	  lines	  with	  background	  of	  non-­‐
specific	  adhesivity.	  	  Cells	  did	  not	  adopt	  any	  specific	  shape	  when	  incubated	  on	  collagen	  I	  flat	  
substrates	  as	  depicted	  in	  figure	  1(a).	  However,	  a	  higher	  degree	  of	  elongation	  was	  noted	  for	  
cells	  cultured	  on	  line	  patterns.	  Comparatively,	  cells	  on	  3x10	  substrates	  seem	  to	  align	  almost	  
exclusively	   on	   the	   collagen	   lines,	  while	   cells	   in	   contact	  with	   lines	   that	   are	   closer	   to	   each	  
other	   (3	   μm	   spacing)	   span	  multiple	   lines	   and	   thus	   the	   degree	   of	   alignment	   is	   decreased	  
(figure	  1(b,e,h).	  Similarly,	  cells	  on	  micropatterned	  surfaces	  with	  regions	  of	  adhesive	  ligands	  
PLL	   and	  PLL-­‐PEG	  display	   random	  orientation	  on	   flat	   substrates	   and	  elongated	   geometries	  
when	  in	  contact	  with	  line	  patterns	  (Figure	  3.1(d-­‐i)).	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Figure	  3.1	  Cytoskeletal	  organization	  in	  stationary	  MDA-­‐MB231	  cells	  on	  different	  patterns	  
of	   covalently	   linked	   collagen	   and	   different	   ligands	   for	   non-­‐specific	   adhesion.	  
(a),	   (b),	   (c):	   Flat	   collagen,	   3x3	   and	   3x10	   collagen	   lines	   with	   no	   backfilling	  
solution.(d),	  (e),	  (f):	  Flat	  collagen,	  3x3	  and	  3x10	  collagen	  lines	  with	  PLL.	  (g),	  (h),	  
(i):	   Flat	   collagen,	   3x3	   and	   3x10	   collagen	   lines	   with	   PLL-­‐PEG.	   In	   general,	  
immunofluorescence	   staining	   of	   fixed,	   micropatterned	   cells	   reveals	   that	  
cytoskeletal	  organization	  is	  completely	  random	  for	  cell	  on	  flat	  patterns.	  Cells	  on	  
3x3	   collagen	   lines	   are	   spread	   over	   multiple	   lines	   and	   their	   cytoskeleton	   is	  
polarized	  to	  a	  certain	  extent	  by	  the	  contact	  guidance	  signals	  in	  the	  environment.	  
Cells	  have	  the	  highest	  degree	  of	  elongation	  on	  3x10	  lines,	  where	  the	  majority	  of	  
the	   cell	   body	   is	   located	   on	   the	   collagen	   line.	   	   Collagen	   (red)	   Actin	   (green)	  
Phalloidin	  (blue)	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Quantitatively,	  the	  degree	  of	  cell	  polarization	  with	  respect	  to	  the	  lines	  was	  analyzed	  
by	  measuring	  cell	  aspect	  ratio	  (AR).	  The	  major	  axis	  and	  the	  minor	  axis	  of	  an	  elliptical	  section	  
that	   encloses	   the	   cell	   were	   determined	   using	   ImageJ.	   Thus,	   higher	   aspect	   ratio	   values	  
denote	   a	   higher	   degree	   of	   polarization	   with	   respect	   to	   the	   line	   patterns,	   and	   AR	   values	  
closer	  to	  zero	  are	  a	  sign	  of	  nearly	  circular	  shapes.	  Figure	  3.2	  shows	  the	  aspect	  ratio	  values	  
obtained	  for	  each	  one	  of	  the	  patterns	  and	  the	  backfilling	  solutions	  tested.	  	  The	  aspect	  ratio	  
values	  measured	  are	  in	  agreement	  with	  the	  morphological	  differences	  displayed	  by	  cells	  on	  
figure	  3.1.	   	  Comparatively,	  the	  highest	  AR	  values	  are	  associated	  with	  3x10	  patterns,	  which	  
also	   account	   for	   the	   differences	   in	   shape	   since	   cells	   on	   these	   patterns	   display	   highly	  
elongated	  morphologies.	   On	   the	   other	   hand,	   cells	   on	   flat	   surfaces	   are	   more	   spread	   and	  
exhibit	  a	  semi-­‐rounded	  morphology,	  which	  accounts	  for	  the	  lowest	  AR	  values	  measured.	  	  
	  
Figure	   3.2	  Aspect	   ratio	   values	   for	  MDA-­‐MB-­‐231	   cell	   on	   flat,	   3x3	   and	   3x10	  microcontact	  
printed	  surfaces.	  Degree	  of	  polarization	  is	  higher	  for	  cells	  on	  line	  patterns	  with	  
higher	   spacing,	   and	   seems	   to	   be	   influenced	   strongly	   by	   the	   organization	   of	  
contact	  guidance	  signals.	  The	  effect	  of	  non-­‐specific	  adhesivity	  is	  unsubstantial	  for	  
cells	  on	  flat	  and	  3x3	  patterns,	  and	  does	  not	  have	  specific	  differences	  when	  used	  
in	  3x10	  lines.	  	  Error	  bars:	  95%	  CI	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Immunofluorescence	  staining	  was	  performed	  to	  visualize	  structural	  elements	  of	  the	  
cell.	  Figure	  3.3	  shows	  the	  actin	  microfilaments	  and	   focal	  adhesion	  arrangement	  of	  cell	  on	  
different	   collagen	   substrates	  with	   PLL	   background.	   Though	   cells	   on	   3x3	   patterns	   and	   flat	  
collagen	   surfaces	   have	   AR	   values	  within	   the	   same	   range	   (1.5-­‐3),	   the	   arrangement	   of	   the	  
actin	  cytoskeleton	  in	  the	  direction	  of	  the	  3x3	  collagen	  lines	  demonstrates	  the	   influence	  of	  
the	   contact	   guidance	   cues	   (Figure	   3.1,3.3).	   Therefore,	   the	   features	   of	   the	   substrate	  
influence	  morphological	   qualities	   of	  MDA-­‐MB-­‐231	   cells	   as	   follows:	   cells	   on	  3x10	   lines	   are	  
highly	  polarized,	  while	  the	  elongation	  response	  is	  tampered	  for	  cells	  on	  3x3	  lines	  due	  to	  the	  
number	  of	  lines	  that	  they	  are	  sensing	  at	  the	  same	  time;	  and	  cells	  on	  flat	  substrates	  do	  not	  
polarize	  their	  shape	  due	  to	  the	  absence	  of	  contact	  guidance	  signals.	  	  
	  
The	   structural	   arrangement	   of	   actin	   and	   the	   organization	   of	   focal	   adhesions	   are	  
dependent	   on	   the	   features	   of	   the	  micropatterned	   surface.	   Cells	   on	   line	   patterns	   display	  
leading	   edge	   protrusions	   along	   the	   collagen	   lines	   and	   the	   organization	   of	   their	   actin	  
cytoskeleton	   shows	  pronounced	   stress	   fibers	   aligned	  with	   the	  patterned	   substrates.	  Also,	  
focal	  points	  are	  preferentially	  located	  on	  the	  collagen	  lines	  with	  no	  particular	  effect	  of	  the	  
non-­‐specific	  adhesion	  background	  induced	  by	  PLL	  or	  PLL-­‐PEG	  (Figure	  3.1).	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Figure3.3	  Cytoskeletal	  organization	   in	  stationary	  MDA-­‐MB231	  cells	  on	  different	  patterns	  
of	  covalently	   linked	  collagen,	  backfilled	  with	  PLL.	   Immunofluorescence	  staining	  
of	   fixed,	   micropatterned	   cells	   reveals	   that	   cytoskeletal	   organization	   is	   strongly	  
influenced	   by	   the	   architecture	   of	   the	   microenvironment	   and	   no	   significant	  
differences	   were	   found	   for	   cells	   on	   substrates	   with	   PLL-­‐PEG	   or	   no	   backfilling	  
solution	   at	   all.	   (a)	   Focal	   adhesion	   were	   randomly	   distributed	   on	   the	   edges	   of	  
lamellipodial	  extension	  in	  cells	  on	  flat	  collagen	  substrates.	  (b)	  The	  arrangement	  of	  
focal	  adhesion	  points	  and	  actin	  networks	  is	  strongly	  determined	  by	  collagen	  lines.	  
(c)	   MDA-­‐MB-­‐231	   cells	   are	   highly	   elongated	   on	   3x10	   lines.	   Focal	   adhesions	   are	  
found	  predominantly	  on	  the	  front	  and	  rear	  of	  the	  cell	  body.	  Collagen	  (red)	  Actin	  
(green)	  	  
a 
b 
c 
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Again,	   higher	   degree	   of	   polarization	   of	   cells	   on	   3x10	   lines	   is	   evident	   as	   cells	   are	  
almost	   exclusively	   in	   contact	   with	   one	   line,	   while	   cells	   on	   3x3	   lines	   extend	   stress	   fibers	  
within	   2-­‐6	   lines.	   On	   the	   contrary,	   cells	   on	   flat	   substrates	   display	   circumferential	   actin	  
bundles	   that	   move	   inwards	   as	   well	   as	   stress	   fibers	   within	   the	   cell	   center.	   Interestingly,	  
modifying	  the	  adhesive	  properties	  of	  the	  substrate	  by	  adding	  PLL	  or	  PLL-­‐PEG	  does	  not	  have	  
a	   distinct	   effect	   on	   morphology	   of	   cells	   cultured	   on	   3x10	   lines,	   but	   the	   degree	   of	  
polarization	  is	  higher	  when	  compared	  with	  cells	  on	  the	  same	  substrate	  with	  no	  background	  
filling.	  	  
These	   results	   reiterate	   the	   role	   of	   contact	   guidance	   cues	   present	   in	   the	   tumor	  
microenvironment	  in	  determining	  the	  morphology	  of	  cancer	  cells.	  Specifically,	  differences	  in	  
the	  elongation	  response	  indicate	  that	  fiber	  density	  and	  perhaps	  accessory	  protein	  between	  
fibers	  may	  play	  a	  role	  in	  determining	  the	  extent	  of	  contact	  guidance	  in	  breast	  cancer	  cells.	  
The	  preferential	   arrangement	  of	   structural	   elements	   like	   the	   actin	   cytoskeleton	   and	   focal	  
adhesions	  with	  respect	  to	  signals	  in	  the	  microenvironment	  was	  observed.	  Thus,	  given	  some	  
insight	  into	  how	  topographical	  features	  affect	  contact	  guidance,	  now	  we	  will	  examine	  how	  
ECM	  composition	  controls	  directed	  cell	  migration	  in	  response	  to	  these	  signals.	  	  
	  
3.4.2	   Migration	   efficiency	   is	   regulated	   by	   the	   composition	   and	   spatial	   organization	   of	  
contact	  guidance	  signals	  	  
MDA-­‐MB-­‐231	  cells	  were	  plated	  on	  patterns	  of	  collagen	  type	  I	  and	  matrigel.	  Matrigel	  
is	   a	   basement	  membrane	  matrix	   extract	  with	  heterogeneous	   composition	   that	   includes	   a	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variety	  of	  proteins	   found	   in	   the	  tumor	  stroma:	  Collagen	  type	   IV,	   laminin,	  heparan	  sulfate,	  
proteoglycans	   and	   growth	   factors	   (Hughes	   et	   al.,	   2010).	   When	   reconstituted,	   matrigel	  
retains	  structural	  and	  functional	  characteristics	  resembling	  those	  of	  basement	  membranes	  
in	   vivo	   and	   as	   such,	   it	   has	   gained	   interest	   in	   the	   study	   of	   cell	  migration	   during	   the	   early	  
stages	   of	   cancer	   metastasis.	   Results	   obtained	   in	   the	   previous	   section	   did	   not	   show	  
significant	  differences	  in	  AR	  values	  for	  cells	  on	  substrates	  backfilled	  with	  either	  PLL	  or	  PLL-­‐
PEG	  solutions	  across	  the	  different	  patterns	  used.	  However,	  AR	  values	  (and	  thus	  the	  degree	  
of	  cell	  polarization)	  depend	  on	  the	  spatial	  arrangement	  of	  the	  ECM.	  Consequently,	  we	  were	  
motivated	   to	  use	  patterns	  without	   any	   kind	  of	   backfilling	   solution	   to	   address	   the	   specific	  
effect	  of	  different	  proteins	  in	  the	  migration	  behavior	  of	  breast	  cancer	  cells.	  	  	  
	  
To	  first	  address	  the	  effect	  of	  different	  ECM	  proteins	  on	  the	  morphology	  of	  the	  cell	  
and	   its	   structural	   elements,	   MDA-­‐MB-­‐231	   cells	   were	   fixed	   on	   patterns	   of	   collagen	   I	   (60	  
μg/mL)	   and	   matrigel	   (57	   μg/mL	   )	   using	   the	   immunofluorescence	   staining	   procedure	  
previously	   described.	   Aspect	   Ratio	   measurements	   were	   carried	   out	   and	   the	   results	   are	  
summarized	  in	  figure	  3.4.	  Analogous	  to	  the	  results	  obtained	  in	  the	  previous	  section,	  cells	  on	  
3x10	  patterns	  are	  more	  elongated	  that	  those	  spread	  on	  flat	  or	  3x3	   lines,	   indistinctively	  of	  
the	   ECM	  protein	  used.	  However,	   cells	   on	   collagen	   lines	   have	   a	   significantly	   higher	   aspect	  
ratio	  values	  when	  compared	  with	  cells	  on	  the	  same	  matrigel	  patterns.	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Figure	   3.4	  Aspect	   ratio	   values	   for	  MDA-­‐MB-­‐231	   cell	   on	   flat,	   3x3	   and	   3x10	  microcontact	  
printed	  surfaces	  of	  collagen	  60	  μg/mL	  and	  Matrigel.	  Contact	  guidance	  signals	  in	  
the	   environment	   determine	   the	   morphology	   of	   MDA-­‐MB231	   cells.	   However,	  
significant	  differences	   in	  aspect	   ratio	   	  values	  are	  noted	   for	  cells	  on	   line	  patters	  
depending	  on	  the	  ECM	  protein	  utilized.	  MDA-­‐MB-­‐231	  cells	  are	  more	  elongated	  
on	  3x3	  and	  3x10	  collagen	  lines.	  Error	  bars:	  95%	  CI	  	  	  
	  
Migration	   studies	  were	   then	   carried	   out	   using	   flat	   substrates	   and	   line	   patterns	   of	  
3x3,	   3x5	   and	   3x10	   microns	   for	   collagen	   concentrations	   of	   60	   μg/mL	   and	   6	   μg/mL	   and	  
matrigel	  (57	  μg/mL).	  Figure	  3.5	  shows	  lines	  of	  fluorescently	  labeled	  collagen	  and	  a	  montage	  
of	  cells	  at	  different	  time	  points	  on	  flat,	  3x3	  and	  3x10	  patterns	  at	  different	  time	  points.	  	  Cells	  
on	   lines	   display	   extending	   leading	   protrusions	   in	   the	   direction	   of	   the	   collagen	   lines.	  
Protrusions	  in	  this	  direction	  resulted	  in	  movement	  along	  the	  horizontal	  axis	  of	  the	  collagen	  
lines	   as	   shown	   by	   their	   trajectories.	   	   On	   the	   other	   hand,	   cells	   on	   flat	   substrates	   exhibit	  
lamellipodal	  extensions	  with	  no	  preferential	  direction	  or	  particular	  differences	   in	   size	  and	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their	   trajectories	  are	  completely	   random	  throughout	   the	  entire	   time.	   In	  order	   to	  quantify	  
the	  migration	  of	  cell	  on	   these	  substrates,	   cell	  migration	  speed	  and	   the	  distribution	  of	   the	  
angles	  of	  movement	  with	  respect	  to	  the	  lines	  were	  calculated.	  	  	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	  3.5	  Migration	  of	  MDA-­‐MB-­‐231	  cells	  on	  microcontact	  printed	  collagen	  lines.	  (a)	  Cells	  
migrating	  on	   flat	   surfaces	  display	   lamellipodal	  extensions	  and	   their	   trajectories	  
are	   random.	   (b)	   Cells	   on	   3x3	   lines	  migrate	   directionally	   in	   the	   direction	   of	   the	  
lines,	   but	   the	   fidelity	   of	   movement	   is	   altered	   since	   they	   are	   in	   contact	   with	  
multiple	   lines.	   (c)	   Cells	   are	   elongated	   on	   3	   μm	   lines	   and	   their	   trajectory	   is	  
determined	  by	  one	  single	  line.	  Interval	  between	  images:	  0,	  2,	  4	  and	  8	  hours.	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Figure	   3.6	   shows	   the	  distribution	  of	   displacement	   angles	   for	   cells	   on	   the	  different	  
patterns	  used	   in	   these	  experiments.	  For	  cells	  on	   flat	   surfaces,	  no	  direction	   is	   favored	  and	  
the	  angle	  distribution	  is	  even,	  which	  means	  that	  there	  is	  no	  bias	  in	  cell	  movement	  and	  any	  
direction	  is	  equally	  likely	  to	  be	  chosen	  (figure	  3.6-­‐a).	  On	  the	  other	  hand,	  angle	  distribution	  
for	  cells	  on	  line	  patterns	  show	  that	  the	  cell	  moves	  primarily	  along	  the	  lines,	  as	  noted	  by	  the	  
increased	  frequency	  on	  θ	  values	  of	  0	  and	  π/2.	  For	  cells	  on	  3x3	  and	  3x5	  patterns	  however,	  a	  
slight	   increase	   in	   movement	   in	   other	   directions	   is	   evident	   (figure	   3.6	   a,b).	   Time	   lapse	  
sequences	  show	  that	  cells	  on	  3x10	  patterns	  are	  mostly	  in	  contact	  with	  one	  line	  throughout	  
the	  sequence,	  while	  cells	  on	  3x3	  and	  3x5	  substrates	  are	  usually	  spread	  on	  2-­‐6	  lines,	  which	  
accounts	  for	  their	  increased	  probability	  of	  movement	  in	  a	  direction	  different	  than	  parallel	  to	  
one	  single	  line.	  	  
	  
Figure	  3.6.	  Frequency	  fractions	  of	  cell	  movement	  for	  different	  collagen	  substrates.	  	  
(a)	  Cells	  on	  flat	  substrates	  migrate	  randomly;	  therefore	  no	  direction	  is	  primarily	  
selected.	  (b)(c)	  3x3	  and	  3x5	  patterns	  bias	  the	  direction	  of	  cell	  movement	  and	  the	  
fraction	  of	  movements	  in	  0	  and	  π/2	  is	  increased	  (c)	  Cells	  migrate	  predominantly	  
in	  the	  direction	  of	  a	  single	  line	  on	  3x10	  collagen	  substrates.	  	  	  
79	  
 
 
Additionally,	  directionality	  index	  (DI)	  was	  calculated	  for	  migrating	  cells	  based	  on	  the	  
angles	  described	  at	  each	  time	  point	  and	  an	  average	  of	  these	  values	  is	  reported	  in	  figure	  3.6.	  	  	  
Directionality	  index	  values	  spam	  from	  -­‐1	  to	  1.	  When	  the	  DI	  is	  0,	  cell	  migration	  is	  random,	  DI	  
values	  of	  1	  denote	  that	  cell	  migration	  is	  parallel	  to	  the	  long	  axis	  of	  the	  lines	  and	  when	  DI	  is	  
equal	  to	  -­‐1	  cell	  migration	  is	  perpendicular	  to	  the	  lines.	  MDA-­‐MB-­‐231	  cells	  migrating	  on	  flat	  
surfaces	   exhibit	   the	   lowest	   values	   of	   directionality	   index	   (-­‐0.01-­‐0.03),	   as	   expected	   by	   the	  
trajectories	  that	  show	  random	  movement	  due	  to	  the	  absence	  of	  topographical	  features	  that	  
can	  direct	  migration.	  On	  the	  contrary,	  directionality	  index	  values	  are	  significantly	  higher	  for	  
cells	  on	  line	  patterns.	  Cells	  on	  3x3	  and	  3x5	  patterns	  have	  DI	  values	  between	  0.36	  and	  0.47,	  
while	   cells	   on	   3x10	   substrates	   display	   the	   highest	   indexes	   (DI=0.69-­‐0.78).	   These	   results	  
correlate	  with	  the	  differences	  observed	  in	  the	  distribution	  of	  displacement	  angles	  depicted	  
in	  figure	  3.6,	  since	  cells	  on	  3x10	  patterns	  move	  preferentially	  along	  the	  axis	  of	  a	  single	  line	  
and	  thus	  have	  the	  highest	  directionality	  index.	  Moreover,	  a	  similar	  trend	  was	  observed	  for	  
the	   values	   of	   AR	   measured	   in	   the	   previous	   section,	   in	   which	   the	   degree	   of	   polarization	  
decreases	  with	   line	   spacing	  while	   the	   lack	  of	   contact	   guidance	   stimulus	  was	   translated	   in	  
rounded	  spread	  morphologies	  and	  thus,	  lower	  AR	  values.	  	  
	  
In	   addition	   to	   the	   direction	   distribution	   and	   directionality,	   instantaneous	   cell	  
migration	  speed	  was	  calculated	  as	  described	   in	  the	  materials	  and	  methods	  section.	  Figure	  
3.7	   shows	   directionality	   index	   and	   instantaneous	   cell	   speed	   values	   for	   all	   the	   conditions	  
considered	  in	  this	  study.	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Figure	   3.7	   Instantaneous	   speed	   and	   directionality	   index	   values	   for	   MDA-­‐MB-­‐231	   cells	  
migrating	   on	   patterns	   of	   collagen	   I	   and	   Matrigel.	   (a)	   Cell	   speed	   [µm/hr].	  
Fastest	  migration	  speed	  was	  displayed	  by	  cells	  on	  Flat	  collagen	  6	  µg/mL.	  Cell	  
speed	  is	  controlled	  by	  both	  the	  spatial	  arrangement	  of	  contact	  guidance	  cues	  
and	   the	   composition	   of	   the	   ECM.	   (b)	  Directionality	   index	   values	   seem	   to	   be	  
largely	   dependent	   on	   the	   features	   of	   the	   contact	   guidance	   cue.	   Cell	   on	   flat	  
surfaces	  display	  a	  completely	  random	  migration	  characterized	  by	  the	  lowest	  DI	  
values.	  The	  effect	  of	  directional	  cues	  is	  tampered	  for	  cells	  on	  3x3	  and	  3x5	  while	  
cells	  on	  3x10	  lines	  show	  a	  highly	  directional	  movement.	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Similarly	  to	  the	  AR	  measurements	  and	  directionality	  index,	  cell	  instantaneous	  speed	  
is	  correlated	  to	  the	  contact	  guidance	  cue	  in	  the	  environment.	  For	  each	  type	  of	  ECM	  protein	  
tested,	   different	   speed	   values	   were	   measured	   depending	   on	   the	   pattern	   induced	   in	   the	  
substrate.	  By	  closer	  inspection	  of	  the	  migration	  speed	  values	  of	  cells	  on	  flat	  patterns	  we	  can	  
identify	   the	   effect	   of	   substrate	   adhesivity.	   As	   such,	   cells	   on	   6	   µg/mL	   collagen	   are	  
significantly	  faster	  than	  those	  on	  matrigel	  or	  60	  µg/mL	  collagen	  which	  indicates	  qualitatively	  
the	  different	  adhesive	  strength	  of	  the	  ECM	  proteins	  used.	  	  
	  
To	  investigate	  the	  correlation	  between	  directionality	  index	  and	  cell	  migration	  speed	  
the	  values	  obtained	  for	  each	  experimental	  condition	  tested	  were	  plotted	  on	  figure	  3.8.	  The	  
correlation	  for	  cells	  migrating	  in	  patterns	  seems	  to	  be	  specific	  for	  each	  type	  of	  protein	  used	  
for	   patterning.	   For	   cells	   on	   60	  µg/mL	   collagen,	   speed	   (S)	   and	  directionality	   index	   (DI)	   are	  
inversely	  correlated	  and	  thus	  cells	  migrating	  faster	  are	  less	  directional.	  Conversely,	  cells	  on	  
matrigel	  and	  6µg/mL	  collagen	  migrate	  more	  efficiently	  as	  demonstrated	  by	  higher	  values	  of	  
speed	  and	  directionality	  on	  3x10	  patterns.	  These	  results	  highlight	   interesting	  behaviors	  of	  
cancer	   cells	   in	   response	   to	   contact	   guidance	   signals,	   and	   can	  be	   correlated	  with	  previous	  
studies	   that	   probe	   the	   need	   for	   optimal	   adhesivity	   of	   the	   ECM	   for	   the	   cell	   to	   migrate	  
efficiently	  (Palecek,	  1997).	  Quantitative	  measurements	  of	  speed	  and	  directionality	  are	  thus	  
a	  powerful	  tool	  to	  dissect	  the	  specific	  role	  of	  some	  ECM	  features	  and	  the	  way	  in	  which	  they	  
regulate	   specific	   machinery	   in	   migrating	   cells.	   Analysis	   of	   these	   results	   will	   help	   us	   to	  
elucidate	  which	  factor	  affects	  migratory	  cell	  speed	  and	  how	  these	  are	  coupled	  with	  steering	  
mechanics	  that	  lead	  cells	  to	  target	  locations.	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Figure	  3.8	  Correlation	  between	  cell	  instantaneous	  speed	  (S)	  and	  directionality	  index	  (DI)	  
for	   MDA-­‐MB-­‐231	   cells	   migrating	   on	   collagen	   I	   and	   Matrigel	   patterns.	  
Correlation	  between	  these	  parameters	  is	  specific	  for	  the	  type	  of	  substrates	  used.	  
Cell	   migrating	   on	   collagen	   6µg/mL	   and	   Matrigel	   patterns	   show	   the	   highest	  
efficiency	  of	  movement,	  while	   an	   inverse	   correlation	   in	   noted	   for	   collagen	   	   60	  
µg/mL.	  Cell	  migrating	  on	  flat	  substrates	  are	  considered	  to	  migrate	  in	  random	  2D.	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3.4.3	   The	   effect	   of	   uniform	   doses	   of	   EGF	   and	   SDF-­‐1α	   on	   contact	   guidance	   behavior	   of	  
MDA-­‐MB-­‐231	  cells	  	  
The	  role	  of	  epidermal	  growth	  factor	  (EGF)	  and	  its	  ability	  to	  induce	  chemotaxis	  during	  
invasion	  and	  metastasis	  has	  been	  largely	  documented	  (Segall	  et	  al.,	  1996;	  Chan	  et	  al.,	  1998;	  
Lu	  et	  al.,	  2001;	  Zhang	  et	  al.,	  2013).	  	  	  	  Evidence	  in	  this	  regard	  suggests	  that	  EGF	  regulates	  the	  
adhesion	   and	   protrusion	   mechanisms	   during	   cell	   migration,	   not	   only	   in	   the	   context	   of	  
cancer	   metastasis	   but	   during	   other	   physiologically	   relevant	   situations	   (Ribeiro,	   2003,	  
Signaling	  systems`,	  guided	  cell	  migration`,	  and	  organogenesis:	  insights	  from	  genetic	  studies	  
in	  Drosophila).	  Chemotactic	  responses	  to	  EGF	  are	  dose	  dependent,	  and	  therefore	  there	  is	  a	  
range	   of	   concentrations	   that	   cause	   cells	   to	   polarize	   in	   the	   direction	   of	   the	   gradient	   and	  
migrate	  accordingly.	  Studies	  addressing	  dose	  response	  of	  MDA-­‐MB-­‐231	  cells	  to	  EGF	  are	  not	  
conclusive,	  perhaps	  due	  to	  the	  variety	  of	  ECM	  proteins	  used	  as	  substrates	  and	  the	  different	  
assays	   employed,	   which	   might	   explain	   the	   discrepancy	   across	   studies.	   	   For	   instance,	  
receptor	  saturation	  leading	  to	  inhibited	  migration	  has	  been	  reported	  in	  cells	  exposed	  to	  2-­‐
10	   nM	   EGF	   (Hinz	   et	   al.,	   1999;	   Price	   et	   al.,	   1999).	   Contrarily,	   some	   other	   studies	   show	  
migration	  of	  cancer	  cells	  in	  that	  same	  range	  (Segall	  et	  al.,	  1996;	  Mosadegh	  et	  al.,	  2008).	  	  
	  
Additionally,	   the	   relevance	   of	   CXCR4	   receptor	   and	   its	   ligand	   SDF-­‐1α	   (or	   CXCL12)	  
during	   tumor	   progression	   and	   metastasis	   has	   received	   considerable	   attention.	   Recent	  
evidence	   suggests	   that	   signaling	   through	   CXCR4	   mediates	   actin	   polarization	   and	  
pseudopodia	   formation	   in	   breast	   cancer	   cells,	   and	   induces	   chemotactic	   and	   invasive	  
responses	   (Muller	   et	  al.,	  2001).	  Altogether,	  advances	   in	   this	  area	  provide	  strong	  evidence	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about	   the	  unique	  role	  of	  chemoattractants	  during	   the	  early	  stages	  of	  metastatic	   invasion.	  	  
Still,	  chemotactic	  signals	  are	  only	  one	  of	  many	  directional	  cues	  identified	  during	  cancer	  cell	  
invasion.	  	  Since	  soluble	  factors	  are	  known	  to	  be	  in	  the	  tumor	  microenvironment	  along	  with	  
collagen	   fibers,	   their	  ability	   to	   regulate	  and	  perhaps	  augment	  contact	  guidance	  should	  be	  
considered.	  	  	  
Our	   first	   approach	   was	   to	   characterize	   cell	   migration	   in	   response	   to	   different	  
uniform	  concentrations	  of	  EGF	  and	  SDF-­‐1α.	  MDA-­‐MB-­‐231	  cells	  were	  plated	  on	  flat	  surfaces	  
of	  covalently	  linked	  collagen	  I	  (60	  µg/mL),	  and	  their	  migration	  was	  characterized	  to	  find	  the	  
concentration	   range	  of	  maximal	   stimulation.	   Figure	   3.9	   shows	   the	   cell	   speed	   response	   to	  
uniform	  doses	  of	  EGF	  and	  SDF-­‐1α.	  Results	  show	  that	  EGF	  displays	  maximum	  cell	   speed	  at	  
100	  nM.	  Similarly,	  a	  uniform	  dose	  of	  40nM	  SDF-­‐1α	  induces	  faster	  cell	  migration.	  	  
	  
	  
Figure	  3.9	  The	  effect	  of	  EGF	  and	  SDF-­‐1α	  doses	  on	  the	   instantaneous	  migration	  speed	  of	  
MDA-­‐MB-­‐231	   cells	   migrating	   on	   flat	   collagen.	   (a)	   EGF	   increases	   significantly	  
migration	  speed	  values	  on	  uniform	  doses	  of	  100	  ng/mL.	  (b)	  SDF-­‐1	  also	  increases	  
random	  cell	  migration	  speed,	  with	  a	  maximum	  at	  40nM.	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Additionally,	   the	   effect	   of	   these	   soluble	   factors	   on	   the	   morphology	   of	   migratory	  
features	   of	  MDA-­‐MB-­‐231	   cells	  was	   qualitatively	   evaluated	   from	   time-­‐lapse	   sequences,	   as	  
depicted	   in	   figure	   3.10.	   Interestingly,	   although	   both	   chemokines	   increase	   instantaneous	  
speed,	   each	   one	   elicits	   different	   morphologies.	   Cells	   under	   uniform	   doses	   of	   EGF	   show	  
lamellipodia	  and	  cell	  membrane	  ruffles	  while	  SDF-­‐1α	  stimulated	  cells	  display	  long,	  spindle-­‐
like,	   membrane	   extensions.	   The	   differences	   in	   concentration	   range	   and	   morphological	  
features	  of	  the	  cell	  during	  stimulation	  could	  suggest	  differences	  in	  the	  way	  that	  each	  soluble	  
factor	  operates	  during	  the	  activation	  of	  the	  motility	  machinery	  in	  the	  cell.	  	  Based	  on	  these	  
observations	   and	   the	   dose	   response	   evaluated,	   uniform	   doses	   of	   EGF	   and	   SDF-­‐1α	   that	  
trigger	  maximum	  random	  migration	  speed,	  will	  be	  used	  to	  study	  their	  effect	  on	  motility	  of	  
cells	  on	  contact	  guidance	  fields.	  
	  
	  
Figure	   3.10	   The	  effect	   of	   EGF	   and	   SDF-­‐1α	  on	   cell	  morphology.	   (a)	   EGF	  doses	  of	   100	  nM	  
causes	   maximum	   random	   migration	   speed	   and	   extended	   lamellipodial	  
extensions	  (b)	  SDF-­‐1α	  (40	  nM)	  induces	  long,	  spindle	  like	  cell	  protrusions.	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To	  evaluate	  the	  way	  in	  which	  these	  soluble	  factors	  modify	  the	  speed	  and	  the	  fidelity	  
of	   movement	   of	   MDA-­‐MB-­‐231	   cells,	   different	   patterns	   were	   printed	   using	   a	   collagen	  
concentration	  of	  60	  µg/mL.	  From	  the	  results	  obtained	  in	  the	  previous	  section	  it	  is	  noted	  that	  
of	   the	   three	   types	   of	   ECM	   used,	   this	   produced	   the	   slowest	   migrating	   cells.	   Therefore,	  
changes	  in	  migratory	  behavior	  caused	  by	  soluble	  factors	  can	  be	  prominent,	  and	  compared	  
to	  cell	  parameters	  obtained	  for	  fast	  migrating	  cells	  on	  6	  µg/mL	  collagen	  and	  matrigel.	  Cells	  
used	  in	  these	  experiments	  were	  serum-­‐depleted	  with	  5%	  FBS	  DMEM	  overnight	  in	  order	  to	  
allow	   the	  effect	  of	   chemokines	   to	  be	  addressed.	   Initially,	   immunofluorescence	   staining	  of	  
cells	  was	  used	   to	  detect	  changes	   in	  cell	  morphology	  and	   the	  structural	  elements	   involved	  
during	   cell	  migration	   (focal	   adhesions,	   actin	   organization),	   caused	   by	   chemokinetic	   fields.	  
Figure	  3.11	  illustrates	  comparatively	  the	  morphology	  of	  MDA-­‐MB-­‐231	  cells	  after	  4	  hours	  of	  
plating	   followed	   by	   4	   hours	   of	   EGF/SDF-­‐1α	   stimulation.	   At	   first	   glance,	   there	   are	   no	  
differences	   in	   the	   responses	   of	   these	   cells	   to	   the	   contact	   guidance	   cues	   induced	   in	   the	  
environment,	  and	  cell	  shape	  is	  largely	  determined	  by	  the	  collagen	  patterns	  in	  the	  substrate.	  
Nonetheless,	  cells	  on	  3x3	  and	  3x10	  lines	  that	  have	  been	  stimulated	  with	  either	  EGF	  or	  SDF-­‐
1α	  appear	  to	  be	  less	  elongated	  than	  those	  without	  stimulus.	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Figure	   3.11	   The	   effect	   of	   EGF	   and	   SDF-­‐1α	   on	   cytoskeletal	   organization	   of	  MDA-­‐MB-­‐231	  
cells	   on	   different	   patterns	   of	   covalently	   linked	   collagen.	   (a),	   (b),	   (c):	   Flat	  
collagen,	   3x3	   and	   3x10	   collagen	   lines.	   (d),	   (e),	   (f):	   Flat	   collagen,	   3x3	   and	   3x10	  
collagen	  lines	  with	  an	  uniform	  dose	  of	  100nM	  EGF.	  (g),	  (h),	  (i):	  Flat	  collagen,	  3x3	  
and	  3x10	  collagen	  lines	  with	  an	  uniform	  dose	  of	  40nM	  SDF-­‐1α.	  Cells	  on	  collagen	  
lines	   stimulated	   with	   EGF	   and	   SDF-­‐1α	   are	   influenced	   by	   the	   contact	   guidance	  
field	  induced.	  Subtle	  differences	  are	  noted	  in	  the	  degree	  of	  elongation	  due	  to	  the	  
action	  of	  soluble	  factors.	  Collagen	  (red)	  Actin	  (green)	  Phalloidin	  (blue).	  	  
	  
To	  address	  quantitatively	  these	  differences,	  aspect	  ratio	  measurements	  were	  carried	  
out	  and	  are	  presented	   in	   figure	  3.12.	  While	  EGF	  and	  SDF-­‐1α	  stimulation	  have	  no	  effect	   in	  
the	  aspect	  ratio	  values	  of	  cells	  on	  flat	  substrates,	  cells	  on	  line	  patterns	  diminish	  significantly	  
their	  elongation	  as	  reflected	  by	  lower	  aspect	  ratio	  values	  on	  both	  line	  patterns	  and	  for	  both	  
soluble	  factors.	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Figure	  3.12	  Aspect	  ratio	  values	  for	  MDA-­‐MB-­‐231	  cell	  on	  flat,	  3x3	  and	  3x10	  microcontact	  
printed	   surfaces	   of	   collagen	   60	   μg/mL	   under	   EGF	   and	   SDF-­‐1α	   stimulation.	  
Uniform	  doses	   of	   EGF	   and	   SDF-­‐1α	   impact	   the	  degree	  of	   elongation	  of	   cells	   on	  
line	  patterns.	  Aspect	  ratio	  	  values	  for	  cells	  on	  collagen	  lines	  under	  the	  influence	  
of	  these	  2	  soluble	  factors	  are	  significantly	  lower	  than	  the	  control	  samples.	  Error	  
bars:	  95%	  CI.	  
	  
	  
Time-­‐lapse	   sequences	   of	   MDA-­‐MB-­‐231	   under	   EGF	   or	   SDF-­‐1α	   stimulation	   were	  
obtained	   for	   8	   hours	   after	   an	   initial	   period	   of	   incubation	   for	   4	   hours.	   	   Analysis	   tools	   in	  
MATLAB	  were	  then	  used	  to	  obtain	  motility	  parameters	  such	  as	  cell	  instantaneous	  speed	  and	  
directionality	  indexes	  for	  cells	  under	  the	  influence	  of	  contact	  guidance	  cues	  in	  the	  form	  of	  
collagen	  lines	  and	  a	  chemokinetic	  cue.	  Figure	  	  3.13	  shows	  speed	  and	  directionality	  indexes	  
for	  cells	  migrating	  on	  collagen	  lines,	  with	  and	  without	  uniform	  doses	  of	  soluble	  factors.	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Figure	   3.13	   Instantaneous	   speed	   and	   directionality	   index	   values	   for	  MDA-­‐MB-­‐231	   cells	  
migrating	   on	   patterns	   of	   collagen	   I	   and	   Matrigel.	   (a)	   Cell	   speed	   [µm/hr].	  
Fastest	  migration	  speed	  was	  displayed	  by	  cells	  on	  Flat	  collagen	  6	  µg/mL.	  Cell	  
speed	  is	  controlled	  by	  both	  the	  spatial	  arrangement	  of	  contact	  guidance	  cues	  
and	   the	   composition	   of	   the	   ECM.	   (b)	  Directionality	   index	   values	   seem	   to	   be	  
largely	   dependent	   on	   the	   features	   of	   the	   contact	   guidance	   cue.	   Cell	   on	   flat	  
surfaces	  display	  a	  completely	  random	  migration	  characterized	  by	  the	  lowest	  DI	  
values.	  The	  effect	  of	  directional	  cues	  is	  tampered	  for	  cells	  on	  3x3	  and	  3x5	  while	  
cells	  on	  3x10	  lines	  show	  a	  highly	  directional	  movement.	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Comparatively,	  cell	  speed	  values	  increase	  considerably	  for	  cells	  that	  are	  stimulated	  
with	  uniform	  doses	  of	  either	  EGF	  or	  SDF-­‐1α,	  independently	  of	  the	  line	  pattern	  presented	  in	  
the	   environment.	   Interestingly,	   the	   cell’s	   ability	   to	   migrate	   directionally	   with	   respect	   to	  
contact	  guidance	  signals	  appears	   to	  be	   impaired	  when	  soluble	   factors	  are	  also	  presented.	  
Lower	  DI	  values	  for	  cells	  on	  3x10	  lines	  that	  are	  under	  chemokinetic	  fields	  of	  either	  EGF	  or	  
SDF-­‐1α	  are	  generated.	  	  
	  
The	   effect	   of	   EGF	   on	   cell	   motility	   has	   been	   previously	   reported.	   For	   instance	  
uniform	   doses	   of	   EGF	   increased	   the	   percentage	   of	   motile	   cells	   and	   the	   total	   average	  
distance	   traveled	   by	   the	   cell	   (Wang,	   2004).	   Other	   authors	   have	   presented	   evidence	   that	  
indicates	  that	  EGF	  decreases	  global	  cell	  adhesion,	  which	  might	  in	  turn	  favor	  the	  turnover	  of	  
focal	   adhesion	   sites	   thus	   explaining	   why	   cell	   speed	   increases	   (Maheshwari,	   1999).	   The	  
results	   presented	   here	   show	   that	  while	   uniform	   doses	   of	   these	   soluble	   factors	   favor	   cell	  
instantaneous	  speed,	  they	  impair	  the	  ability	  of	  cells	  to	  follow	  contact	  guidance	  signals,	  thus	  
negatively	   impacting	   the	  overall	   efficiency	  of	  migration.	   Excerpts	  of	   time-­‐lapse	   sequences	  
also	   account	   for	   the	   effect	   of	   these	   soluble	   factors	   and	   how	   they	   impact	   directionality.	  
Figure	   3.14	   shows	   frames	   at	   0,2,4,6	   and	   8	   hours	   during	   EGF	   and	   SDF-­‐1α	   stimulation.	   In	  
contrast	  with	  cells	  presented	  on	  figure	  3.5,	  it	  is	  noticeable	  how	  cells	  on	  3x10	  collagen	  lines	  
are	  not	  elongated	  exclusively	  on	  a	  single	  line	  but	  their	  extensive	  protrusions	  are	  dispersed	  
on	  multiple	   lines.	  Moreover,	  the	  results	  of	  aspect	  ratio	  measurements	  presented	   in	  figure	  
3.12	  correlate	  with	  the	  morphologies	  of	  migrating	  cells	   in	  figure	  3.15,	  since	  they	  are	  more	  
spread	  on	  the	  lines,	  and	  thus	  a	  lower	  aspect	  ratio	  could	  be	  anticipated.	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Figure	   3.14	   Migration	   of	   MDA-­‐MB-­‐231	   cells	   on	   3x10	   microcontact	   printed	   with	   the	  
addition	  of	  uniform	  doses	  of	  EGF	  and	  SDF-­‐1α.	  (a)	  Cells	  migrating	  on	  3x10	  lines	  
and	   a	   chemokinetic	   field	   of	   100nM	   EGF	   compromise	   highly	   directional	  
migration	   for	   increased	   speed	   (b)	   Similarly,	   a	   uniform	   dose	   of	   40nM	   SDF-­‐1α	  
impairs	   the	   cell	   ability	   to	   follow	   a	   single	   line	   during	   migration	   and	   their	  
morphology	  denotes	  contact	  with	  multiple	  lines.	  	  
	  
	  
Lower	  directionality	  index	  due	  to	  the	  action	  of	  soluble	  factors	  can	  be	  the	  result	  of	  a	  
cell’s	  ability	   to	  sense	  multiple	   lines	   in	  the	  vicinity,	  so	  the	  direction	  of	  movement	  does	  not	  
follow	   the	   horizontal	   axis	   of	   one	   single	   line.	   The	   fact	   that	   chemokinetic	   stimulation	  
increased	   instantaneous	  speed	  but	  did	  not	  have	  an	  effect	  on	  the	  DI	  values	  of	  cells	  on	  3x3	  
lines	  can	  be	  due	  to	  the	  fact	  that	  cells	  on	  these	  substrates	  are	  in	  contact	  with	  multiple	  lines	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and	  their	  directionality	  was	  already	  somewhat	  impaired.	  However,	  cells	  can	  migrate	  faster	  
due	  to	  the	  action	  of	  EGF/	  SDF-­‐1α	  on	  the	  mechanics	  of	  movement.	  	  
The	   importance	   of	   focal	   adhesions	   (FA)	   during	   cell	   migration	   has	   been	   well	  
established.	   As	   anchorage	   sites	   in	   which	   integrin	   adhesion	   converge	   with	   the	   actin	  
cytoskeleton	  to	  adhere	  the	  cell	  body	  and	  the	  ECM,	  FAs	  are	  both	  an	  element	  that	  activates	  
signaling	   pathways	   to	   generate	   intracellular	   force	   and	   structural	   components	   to	   transmit	  
such	   force	   and	   translocate	   the	   cell	   body	   (Wozniak,	   2004;	   Hanein,	   2012;	   Petit,	   2000).	  
Specifically,	   invasive	   phenotypes	   of	   cancer	   cells	   upregulate	   focal	   adhesion	   kinase	   (FAK),	  
which	   allows	   them	   to	   migrate	   more	   efficiently	   by	   changing	   the	   dynamics	   of	   FAs	  
assembly/disassembly	  (	  Schlaepfer,	  2004;	  Schlaepfer,	  2004).	  
Therefore,	   changes	   in	   cell	   speed	   and	   directionality	   of	   cells	   migrating	   on	   collagen	  
lines	  caused	  by	  soluble	  factors	  could	  be	  related	  to	  the	  effect	  of	  these	  chemokines	  on	  focal	  
adhesions.	   To	   investigate	   how	   soluble	   factors	   regulate	   the	   characteristics	   of	   FAs	   once	  
contact	  guidance	  signals	  and	  chemokinetic	  fields	  are	  presented	  to	  breast	  cancer	  cells,	  high-­‐
resolution	  images	  of	  immunofluorescence	  stained	  cells	  were	  taken.	  	  Figure	  3.15	  shows	  the	  
micrographs	   of	   FA’s	   in	   cells	   on	   the	   different	   patterns	   considered	   in	   this	   study,	   under	   the	  
influence	   of	   uniform	   doses	   of	   EGF	   and	   SDF-­‐1α	   compared	   to	   control	   samples	   (No	  
chemoattractants).	  	  Initial	  inspection	  of	  these	  images	  shows	  that	  focal	  adhesions	  in	  the	  cells	  
are	  distributed	  depending	  of	  the	  features	  of	  the	  substrate	  in	  which	  they	  are	  in	  contact,	  like	  
it	   was	   previously	   showed	   in	   figure	   3.3.	   Comparison	   of	   these	   micrographs	   suggests	   that	  
soluble	   factors	   increase	   the	   intensity	   of	   FAs.	   However,	   a	   rigorous	   quantification	   of	   their	  
characteristics	  is	  required	  to	  reveal	  the	  effect	  of	  the	  soluble	  factors	  considered.	  	  
a	   b	   c	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Figure3.15	  Detail	  of	   focal	  adhesions	  on	  MDA-­‐MB231	  cells	  under	  the	   influence	  of	  100nM	  
EGf	   and	   40	   nM	   SDF-­‐1α.	   Immunofluorescence	   staining	   of	   fixed,	  micropatterned	  
cells	  reveals	  that	  FA	  organization	  is	  strongly	  influenced	  by	  the	  architecture	  of	  the	  
microenvironment.	  The	  intensity	  of	  focal	  adhesions	  seems	  to	  be	  increased	  by	  the	  
action	  of	  soluble	  factors	  in	  the	  media	  (a)(b)(c)	  Focal	  adhesions	  of	  cells	  on	  flat,3x3	  
and	  3x10	  with	  no	  chemokinetic	   field.	   (d)(e)(f)	   FA’s	  of	   cells	  on	   flat,3x3	  and	  3x10	  
with	  a	  uniform	  concentration	  of	  100nM	  EGF.	  (g)(h)(i)	  FA’s	  of	  cells	  on	  flat,	  3x3	  and	  
3x10	  with	  a	  uniform	  concentration	  of	  40	  nM	  SDF-­‐1α.	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To	  obtain	  quantitative	  values	  of	  focal	  adhesions,	  various	  image	  processing	  tools	  in	  
ImageJ	  were	  used,	  as	  described	  in	  the	  materials	  and	  methods	  section.	  The	  total	  number	  of	  
FAs,	   their	   average	   size	   and	   the	   averaged	   integrated	   intensity	   were	   calculated	   for	   each	  
condition,	  and	  the	  results	  are	  summarized	  in	  figure	  3.16.	  	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure3.16	  Quantitative	   analysis	   of	   FA’s	   characteristics	   of	   MDA-­‐MB231	   cells	   under	   the	  
influence	  of	  100nM	  EGF	  and	  40	  nM	  SDF-­‐1α.	  No	  significant	  differences	  are	  found	  
on	  the	  average	  number	  of	  focal	  adhesions	  or	  their	  average	  size	  for	  different	  line	  
patterns	   or	   different	   soluble	   factors.	   However,	   integrated	   intensity	   of	   focal	  
adhesions	   increases	   due	   to	   the	   action	   of	   chemokines,	   independently	   of	   the	  
pattern	   used.	   (a)	   Average	   number	   of	   focal	   adhesions.	   (b)	   Average	   area	   of	   focal	  
adhesions.	  	  (c)	  Average	  integrated	  intensity	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Figure	  3.16	  a	  and	  b	  show	  that	  EGF	  or	  SDF-­‐1α	  have	  no	  effect	  on	  the	  number	  of	  FAs	  
or	   their	   average	   size	   in	   a	   cell	   for	   all	   the	   different	   substrates	   considered.	   However,	   the	  
average	   intensity	   of	   focal	   adhesions	   increases	   significantly	   on	   flat,	   3x3	   and	   3x10	   collagen	  
lines.	  Previous	  work	  in	  this	  area	  has	  demonstrated	  that	  EGF	  does	  regulate	  FA	  characteristics	  
in	  metastatic	   cell	   lines,	   and	   the	   intensity	   of	   FAs	   depends	   on	   the	   EGF	   concentration	   used	  
(Hou,	  2012).	  For	  the	  specific	  case	  of	  MDA-­‐MB-­‐231	  cells,	  it	  seems	  that	  both	  EGF	  and	  SDF-­‐1α	  
increase	  the	  intensity	  of	  FA’s	  with	  a	  concomitant	  effect	  in	  cell	  speed.	  These	  results	  could	  be	  
explained	  by	  previous	  observations	  that	  linked	  the	  intensity	  of	  FAs	  with	  the	  amount	  of	  force	  
transmitted	   through	   the	   cytoskeleton	   (Smilenov,	   1999).	   Thus,	   FAs	   with	   higher	   intensity	  
stimulates	  cells	  to	  migrates	  faster,	  but	  at	  the	  same	  time,	  directionality	   is	  diminished	  since	  
the	  focal	  points	  are	  spread	  over	  multiple	  lines,	  which	  affects	  the	  fidelity	  of	  movement.	  	  
	  
The	  results	  obtained	  so	  far	  have	  pointed	  out	  interesting	  behaviors	  of	  breast	  cancer	  
cells	   once	   they	   can	   sense	  multiple	   signals	   in	   the	   environment.	   The	   different	   components	  
that	  determine	  the	  efficiency	  of	  cell	  migration	  (cell	   instantaneous	  speed	  and	  directionality	  
index)	   have	   unique	   responses	   once	   chemokinetic	   fields	   are	   presented	   along	  with	   contact	  
guidance	   cues.	   EGF	   and	   SDF-­‐1α	   stimulation	   increase	   the	   motility	   of	   breast	   cancer	   cells	  
independently	   of	   the	   ECM	   pattern.	   The	   fact	   that	   an	   increase	   in	   the	   intensity	   of	   focal	  
adhesions	  was	  observed	  when	  directionality	  decreases	  might	  indicate	  the	  link	  between	  FA	  
dynamics	  and	  increased	  cell	  speed.	  On	  the	  contrary,	  chemokines	  uniformly	  distributed	  have	  
no	   effect,	   or	   impair	   a	   cell’s	   sense	   of	   direction	   depending	   on	   the	   strength	   of	   the	   contact	  
guidance	  signal	  in	  that	  they	  are	  detecting.	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3.4.4	   The	   contractile	   state	   of	   the	   cell	   plays	   a	   role	   in	   the	   contact	   guidance	   behavior	   of	  
MDA-­‐MB-­‐231	  cells	  	  
Experiments	  described	  so	  far	  have	  attempted	  to	  explore	  the	  action	  of	  two	  external	  
perturbations	  on	  migratory	  responses.	  Studies	  previously	  carried	  out	  in	  our	  laboratory	  have	  
demonstrated	  the	  effect	  of	  contractility	  inhibitors	  in	  the	  migration	  of	  MTLn3	  cells	  and	  how	  
this	  factor	  modulates	  the	  response	  to	  contact	  guidance	  signals	  (Romsey,	  2013).	  	  Along	  these	  
lines,	  we	  were	  motivated	  to	  evaluate	  the	  effect	  of	  contractility	  inhibitors	  in	  cell	  migration	  of	  
MDA-­‐MB-­‐231	  cells	  on	  microcontact	  printed	  surfaces.	  Moreover,	  encouraged	  by	  the	  results	  
that	  suggest	  the	  role	  of	  ECM	  adhesivity	  in	  migratory	  parameters,	  I	  will	  be	  testing	  the	  effect	  
of	   inhibiting	   contractility	   on	   3x10	   lines	   printed	   with	   collagen	   at	   6	   and	   60	   μg/mL,	   and	  
matrigel.	  	  For	  this	  purpose,	  cells	  exposed	  to	  contact	  guidance	  signals	  in	  the	  form	  of	  collagen	  
lines	  were	  treated	  with	  a	  low	  dose	  of	  blebbistatin	  (0.3	  μM)	  to	  inhibit	  partially	  contractility.	  	  
Time-­‐lapse	   sequences	   were	   obtained	   for	   up	   to	   8	   hours	   and	   migration	   parameters	   were	  
quantified	  as	  previously	  detailed.	  Figure	  3.16	  display	  comparative	  S	  vs	  DI	  plots	  for	  each	  one	  
of	   the	  ECM	  proteins	  used	   in	  migration	  studies	  and	  how	  the	  response	  to	  contact	  guidance	  
cues	  is	  modified	  due	  to	  the	  action	  of	  contractility	  inhibitors.	  	  
	  
Previous	  reports	  show	  that	  contractility	  inhibitors	  decrease	  directionality	  of	  MTLn3	  
cells,	   while	   their	   effect	   of	   migration	   speed	   depends	   on	   the	   non-­‐specific	   adhesive	  
background	   the	   substrate	   (Romsey,	   2013).The	   results	  obtained	   for	   cell	  migrating	  on	  3x10	  
lines	  printed	  with	  different	  ECM	  proteins	  indicate	  a	  similar	  trend	  for	  MDA-­‐MB-­‐231	  cells.	  For	  
all	   the	   ECM	   proteins	   tested,	   directionality	   indexes	   are	   considerably	   lower.	   However,	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migration	  speed	  increases	  only	  for	  cells	  on	  3x10	  lines	  of	  collagen	  at	  60	  μg/mL,	  which	  most	  
likely	  has	  the	  highest	  adhesivity	  of	  all	  the	  proteins	  tested.	  	  
	  	  
	  
	  
	  
Figure3.17	   Cell	   instantaneous	   speed	   vs	   directionality	   index:	   The	   effect	   of	   contractility	  
inhibitors.	  A	  uniform	  dose	  of	  0.3	  μg/mL	  Blebbistatin	  was	  added	  to	  cells	  on	  3x10	  
lines	  fabricated	  with	  different	  ECM	  proteins.	  Results	   indicated	  that	  the	  action	  of	  
contractility	  inhibitors	  diminishes	  directional	  responses	  to	  contact	  guidance	  cues.	  
Changes	  in	  cell	  speed	  are	  also	  noted,	  but	  the	  effect	  is	  particular	  to	  the	  adhesivity	  
of	  the	  substrate.	  95%	  CI	  error	  bars.	  	  
	  
	  
Results	  in	  this	  section	  highlight	  the	  importance	  of	  contractility	  and	  how	  it	  can	  also	  
modulate	   directed	   cell	   migration.	   Therefore,	   the	   plasticity	   of	   cell	   migration	   should	   be	  
discussed	   with	   respect	   to	   internal	   and	   external	   signals	   that	   a	   cell	   can	   sense,	   which	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ultimately	   determine	   its	   response	   to	   a	   highly	   dynamic	   and	   complex	   environment	   like	   the	  
one	  during	  cancer	  cell	  invasion.	  	  	  
3.5 Discussion	  
	  
In	  spite	  of	  all	   the	  work	  carried	  out	   in	  cancer	   invasion,	  many	  questions	   remain.	  For	  
instance:	  What	   is	  the	  role	  of	  different	  proteins	   like	  collagen	  I,	  collagen	  IV	  and	  laminin	  and	  
their	   organization	   in	   directing	   cell	   migration?	   Also,	   if	   cells	   respond	   to	   multiple	   cues	  
simultaneously,	  how	  do	  these	  cues	  interact	  to	  drive	  directed	  migration?	  In	  this	  regard,	  we	  
have	  presented	  in	  this	  section	  an	  extensive	  and	  detailed	  assessment	  of	  breast	  cancer	  cells	  
migration	   on	   contact	   guidance	   fields.	   Additionally,	   the	   effect	   of	   intrinsic	   and	   extrinsic	  
perturbations	   on	   migratory	   parameters	   like	   cell	   speed	   and	   directionality	   has	   been	  
evaluated.	  	  	  
Contact	   guidance	   signals	   were	   delivered	   to	   cells	   by	   using	   a	   microfabrication	  
technique	  to	  present	  ECM	  molecules	  in	  a	  predefined	  spatial	  distribution	  at	  the	  micrometer	  
scale.	  The	  morphology	  of	  MDA-­‐MB-­‐231	  cells	  on	  collagen	  substrates	  is	  not	  susceptible	  to	  the	  
presence	   of	   adhesive	   or	   non-­‐adhesive	   ligands	   like	   PLL	   or	   PLL-­‐PEG.	   Similar	   reports	   have	  
demonstrated	   the	   regulatory	   role	   of	   adhesivity	   on	   cytoskeletal	   organization	   and	   the	  
directionality	  of	  migration	  (Borghi	  et	  al.,	  2010;	  Rossier	  et	  al.,	  2010).	  However,	  the	  degree	  of	  
cell	  elongation	  for	  MDA-­‐MB-­‐231	  seems	  to	  be	  driven	  primarily	  by	  the	  organizational	  features	  
of	   the	   substrate,	   and	   the	   effect	   of	   selective	   regions	   with	   different	   ligands	   seems	   to	   be	  
overruled	   by	   ECM	   geometries.	   The	   effect	   of	   ECM	   composition	   and	   different	   adhesive	  
strength	   was	   evaluated	   by	   using	   2	   different	   collagen	   concentrations	   (60	   μg/mL	   and	   6	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μg/mL)	   and	   Matrigel	   (57	   μg/mL).	   The	   degree	   of	   elongation	   measured	   by	   aspect	   ratio	  
indicated	  differences	  between	  matrigel	  and	  high	  concentration	  collagen,	  which	  is	  related	  to	  
the	  adhesive	  strength	  and	  rigidity	  of	  the	  substrate.	  Previous	  studies	  demonstrated	  that	  cell	  
elongation	   and	   polarization	   are	   morphogenetic	   responses	   to	   ECM	   adhesion	   (Prager-­‐
Khoutorsky,	  2011).	  The	  differences	  in	  aspect	  ratio	  measured	  for	  cells	  on	  high	  concentration	  
collagen	  and	  matrigel	  lines,	  indicate	  the	  increased	  adhesivity	  of	  the	  former.	  	  	  
Contact	   guidance	   in	   breast	   cancer	   cells	   acts	   primarily	   by	   orienting	   structural	  
elements	   that	   are	   actively	   engaged	   during	   migration	   as	   evident	   by	   immunofluorescence	  
micrographs	  in	  figure	  3.3.	  Our	  results	  show	  that	  ECM	  composition,	  adhesivity	  and	  its	  spatial	  
arrangement	   determine	   the	   overall	   efficiency	   of	  motile	   cells.	   Cells	  migrating	   on	   collagen	  
lines	  have	  higher	  directionality	  indexes	  when	  compared	  with	  those	  on	  flat	  substrates,	  which	  
can	   be	   related	   to	   the	   preferential	   alignment	   of	   actin	   cytoskeleton	   in	   the	   direction	   of	   the	  
lines.	   Consequently,	   this	   alignment	   dictates	   the	  direction	  of	  membrane	  protrusion	  during	  
migration.	   Then,	   traction	   is	   generated	   in	   focal	   adhesion	   sites	   for	   the	   cell	   to	   migrate	  
directionally,	  while	  the	  cell	  polarity	  is	  maintained.	  	  	  Therefore,	  the	  directional	  movement	  of	  
cells	  on	  3x3,	  3x5	  and	  3x10	  lines	  is	  determined	  by	  the	  arrangement	  of	  both	  actin	  stress	  fibers	  
and	  focal	  adhesions	  in	  the	  direction	  of	  contact	  guidance	  cues(Kumar	  et	  al.,	  2007,	  Xia	  et	  al.,	  
2008).	  Interestingly,	  while	  cells	  move	  preferentially	  on	  the	  lines,	  the	  fidelity	  of	  movement	  is	  
highly	   dependent	   on	   line	   spacing.	   Comparatively,	   cells	   that	   exhibit	   focal	   adhesions	  
distributed	  on	  several	  collagen	   lines	  have	   lower	  directionality	  than	  those	  cells	  that	  display	  
aligned	  adhesions	  on	  1-­‐2	  lines	  (Figure	  3.3).	  Additionally,	  time-­‐lapse	  sequences	  showed	  that	  
cells	  on	  3x3	  and	  3x5	  patterns	  are	  significantly	  less	  directional	  since	  they	  are	  in	  contact	  with	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multiple	   lines,	   which	   in	   turns	   precludes	   their	   migration	   along	   one	   single	   collagen	   line.	  
Similar	  results	  reported	  by	  Chen	  et	  al.	  (Chen	  et	  al.,	  2003)	  lead	  to	  the	  conclusion	  that	  when	  
these	  cells	  exert	  tractional	   forces	  on	  multiple	   fixed	  contacts	  oriented	   in	  a	  single	  direction,	  
the	  actin	  cytoskeleton	  will	  again	  progressively	  reorient	  itself	  along	  this	  same	  axis	  in	  order	  to	  
minimize	  tensional	  stresses.	  Therefore,	  the	  likelihood	  that	  cells	  will	  form	  adhesive	  contacts	  
in	   the	   same	   direction	   increases	   as	   line	   spacing	   between	   neighboring	   lines	   does,	   thus	  
demonstrating	  the	  impact	  of	  line	  spacing	  in	  the	  fidelity	  of	  movement.	  	  
	  
When	   studying	   contact	   guidance,	   it	   is	   difficult	   to	   decouple	   the	   effect	   of	   ECM	  
composition	   from	   the	   responses	   that	   topographical	   signals	   activate.	   We	   attempted	   to	  
address	   this	   subject	   by	   performing	   analysis	   of	   migration	   parameters	   from	   cells	   on	  
substrates	  with	  contact	  guidance	  signals	  of	  equal	  dimensions	  and	  3	  different	  ECM	  proteins.	  
Cell	  speed	  and	  directionality	  were	  measured	  and	  considered	  to	  address	  the	  efficiency	  of	  cell	  
movement.	   Our	   results	   show	   that	   overall	   efficiency	   is	   largely	   dependent	   on	   these	   two	  
environmental	   factors.	   Taking	   a	   closer	   look	   at	   cell	   instantaneous	   speed	   values	   for	   each	  
condition	   tested,	   it	   can	  be	  deduced	   that	  not	  only	   the	  geometry	  of	   the	  ECM	  regulates	   the	  
speed	   of	   the	   cells,	   but	   the	   type	   of	   ECM	   protein	   has	   a	   significant	   impact	   too.	   These	  
differences	  can	  be	  discussed	  based	  on	  the	  adhesivity	  of	  the	  substrates.	  Thus,	  the	  adhesivity	  
of	  the	  ECM	  proteins	  studied	  can	  be	  organized	  as	  follows:	  Collagen	  at	  60	  μg/mL	  as	  the	  most	  
adhesive	   followed	   by	   matrigel	   and	   Collagen	   at	   6μg/mL	   as	   the	   protein	   with	   the	   lowest	  
adhesive	  strength.	  Palecek	  et	  al	  has	  demonstrated	   the	  biphasic	  dependence	  of	  cell	   speed	  
with	  respect	  to	  adhesive	  strength	  and	  this	  is	  further	  exemplified	  by	  comparing	  cell	  speed	  on	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the	  two	  collagen	  concentrations	  used.	  Cells	  on	  printed	  substrates	  of	  60	  μg/mL	  are	  on	  the	  
highly	  adhesive	  side	  of	  the	  spectrum,	  and	  cell	  speed	  decreases	  consistently	  as	  line	  spacing	  
increases.	   On	   the	   contrary,	   cells	   migrating	   on	   lines	   printed	   with	   lower	   collagen	  
concentration	  show	  maximal	  migration	  speed	  on	  3x10	  lines.	  	  
In	   general,	   extracellular	   matrices	   are	   considered	   to	   be	   of	   two	   types,	   basement	  
membrane	  and	  stromal/interstitial	   (Hughes	  et	  al.,	  2010).	   In	  our	  study,	  Matrigel	   resembles	  
the	   characteristics	  of	  basement	  membranes	  deposited	  beneath	  epithelia,	  while	   collagen	   I	  
will	   be	   used	   as	   a	   model	   for	   stromal	   tissue.	   Given	   the	   fact	   that	   cells	   on	   3x10	   matrigel	  
migrated	   more	   efficiently	   than	   those	   on	   collagen	   at	   a	   similar	   concentration,	   it	   can	   be	  
discussed	  that	  some	  proteins	  lend	  themselves	  as	  contact	  guidance	  cues	  better.	  Evidence	  in	  
this	  regard	  shows	  that	  collagen	  IV	  specifically	  enhances	  the	  presentation	  of	  BMP	  guidance	  
cues	  to	  tubule	  cells	  and	  is	  crucial	  during	  positioning	  of	  outgrowing	  renal	  tubes	  (Bunt	  et	  al.,	  
2010).	   Thus,	   specific	   elements	   of	   the	   ECM	   have	   a	   wide	   relevance	   during	   organogenesis.	  
Therefore,	   the	   efficiency	   of	   breast	   cancer	   cells	   on	  Matrigel	   suggests	   a	   similar	  mechanism	  
during	  metastasis.	  
Studies	   that	   address	   the	   correlation	   between	   cell	   speed	   (S)	   and	   persistence	   (P)	   in	  
random	  cell	  migration	  show	  2	  distinct	   trends:	  monotonically	  dependent	   if	  cells	  migrate	   in	  
1D	  or	  inversely	  proportional	  for	  cells	  in	  2D	  (Maiuri	  et	  al.,	  2012).	  Our	  results	  indicate	  that	  the	  
type	  of	  correlation	  between	  S	  and	  DI	  is	  specific	  for	  the	  proteins	  used	  as	  well	  as	  the	  strength	  
of	  the	  contact	  guidance	  signal	   induced.	  Again,	  this	  can	  be	  an	  indication	  of	  the	  plasticity	  of	  
invasion	  mechanisms	   that	   cancer	   cells	   have.	  Moreover,	   since	   the	  proteins	  used	   intend	   to	  
mimic	   the	  properties	  of	  2	  different	   types	  of	   tissue	   in	   the	   tumor	   stroma,	   it	   can	  be	  argued	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that	  cancer	  cells	  adjust	  their	  migratory	  machinery	  to	  invade	  different	  types	  of	  tissue.	  Also,	  
the	  efficiency	  of	  migration	  is	  specific	  for	  cell	  type	  and	  the	  degree	  of	  alignment,	  density	  and	  
ECM	   proteins	   in	   the	   environment,	   and	   thus	   it	   cannot	   be	   generalized	   depending	   on	   the	  
dimension	  of	  movement.	  	  
Our	  efforts	  were	  also	  dedicated	  to	  characterize	  the	  migrational	  responses	  of	  MDA-­‐
MB-­‐231	   cells	   to	   chemokinetic	   signals.	   The	   results	   show	   that	   EGF	   and	   SDF-­‐1α	   affect	  
migration	   speed	   in	   a	  dose	   response	   fashion,	   and	   increase	   significantly	   its	   value	   (up	   to	  78	  
um/h,	  almost	   two	   times	   than	   the	  control	   sample).	  Based	  on	   the	  dose	   response	  obtained,	  
EGF	  or	  SDF-­‐1α	  was	  added	  to	  cells	  on	  contact	  guidance	  cues	  to	  assess	  their	  interaction	  and	  
the	  regulation	  of	  migration	  responses.	  Chemokinetic	  fields	  consistently	  increase	  cell	  speed	  
independently	   of	   the	   line	   spacing	   or	   the	   particular	   soluble	   factor	   used,	   but	   decreases	  
significantly	   the	  probability	  of	  movement	  along	  the	  vertical	  axis	  of	  3x10	   lines.	  This	  can	  be	  
explained	  by	   inferring	  that	  both	  types	  of	  soluble	  factors	  decrease	  adhesivity	  as	  evident	  by	  
spread	  morphologies	   and	   lower	   aspect	   ratio,	   which	   leads	   to	   cells	   on	   3x10	   lines	   to	   be	   in	  
contact	  with	  more	  than	  one	  line.	  	  This	  in	  turns	  impacts	  the	  ability	  of	  cells	  on	  these	  lines,	  to	  
realign	  their	  cytoskeleton	  on	  a	  single	  line,	  since	  FA’s	  are	  spread	  within	  multiple	  lines.	  	  
Inspection	  of	  focal	  adhesion	  characteristics	  show	  that	  number	  per	  cell	  and	  average	  
area	  do	  not	  change,	  while	  integrated	  intensity	  is	  significantly	  increased	  upon	  the	  addition	  of	  
soluble	   factors.	   Previous	   reports	   demonstrated	   the	   influence	   of	   EGF	   in	   focal	   adhesion	  
dynamics;	   specifically	   EGF	   affects	   the	   short-­‐term	   stability	   of	   these	   adhesion	   sites.	  
Additionally,	   other	   authors	   showed	   that	   EGF	   upregulates	   calpain,	   a	   protease	   involved	   in	  
disassembly	   (Glading,	   2004)	   which	   can	   explain	   the	   mechanism	   by	   which	   FA’s	   with	   short	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lifetimes	  correlate	  with	  fastest	  migrating	  cells	  (Nayal,	  2006).	  	  Our	  results	  tentatively	  suggest	  
that	  EGF	  and	  SDF-­‐1α	  induce	  FA’s	  with	  shorter	  lifetimes	  due	  to	  the	  upregulation	  of	  proteases	  
involved	  in	  disassembly,	  which	  explains	  the	  higher	  migration	  speeds	  displayed.	  	  Altogether	  
it	  can	  be	  proposed	  that	  soluble	  factors	  regulate	  the	  dynamics	  of	  FA’s	  and	  lower	  the	  strength	  
of	   the	   ECM-­‐cell	   bond,	   increasing	   motility	   of	   cells	   on	   contact	   guidance	   substrates.	  
Nevertheless,	   the	   chemokinetic	   field	   diminishes	   the	   polarization	   of	   the	   cell	   body	   with	  
respect	  to	  contact	  guidance	  signals	  and	  broadens	  the	  distribution	  of	  FA’s	  which	  ultimately	  
leads	  lower	  directionality.	  	  	  
	  
Finally,	  the	  effect	  of	  intracellular	  perturbations	  on	  the	  migratory	  behavior	  of	  cells	  on	  
contact	   guidance	   fields	   was	   addressed.	   The	   inhibition	   of	   intracellular	   forces	   impacts	  
negatively	  the	  directionality	  of	  cells	  on	  these	  substrates	  but	  its	  response	  on	  migration	  speed	  
depended	  on	  the	  adhesive	  strength	  of	   the	  substrate.	   In	  a	  similar	  way,	  results	  reported	  by	  
Romsey	  et	  al.	  on	  MTLn3	  cells	   showed	   that	   they	  were	   less	   responsive	   to	  contact	  guidance	  
cues	  with	  low	  doses	  of	  Blebbistatin.	  Other	  studies	  have	  demonstrated	  that	  the	  inhibition	  of	  
myosin	   II	   resulted	   in	   diminished	   growth	   cone	   polarity	   and	   unstable	   consolidation	   of	   the	  
distal	  axon	  (Loudon,	  2006).	  	  	  More	  recently,	  the	  action	  of	  myosin	  II	  inhibition	  caused	  cells	  to	  
lose	  their	  sensitivity	  to	  substrate	  dimensions,	  since	  cells	  in	  2D	  substrates	  migrated	  randomly	  
due	   to	  myosin	   II	   inhibition	   (Chang,	   2013).	   	   Therefore,	   the	   ability	   of	   the	   cells	   to	   generate	  
force	  and	  contract	  appears	  to	  be	  essential	  for	  the	  alignment	  of	  actin	  networks	  and	  FA’s	  in	  
the	   direction	   of	   contact	   guidance	   signals.	   Altogether,	   when	   comparing	   the	   effects	   of	  
promigratory	  factors	  and	  contractility	   inhibitors	  on	  cell	  directionality,	   it	  can	  be	  questioned	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whether	   these	   perturbations	   cause	   similar	   effects	   due	   to	   the	   fact	   that	   their	   signaling	  
mechanism	  are	  connected	  or	  upregulated	  by	  the	  same	  mediators.	  
	  
3.6	  Conclusions	  
In	  this	  chapter	  we	  characterize	  quantitatively	  the	  migratory	  responses	  of	  MDA-­‐MB-­‐
231	   to	   contact	   guidance	   cues,	   and	   the	  effect	  of	   either	   external	   or	   internal	   perturbations.	  
Based	  on	  these	  observations	  we	  conclude:	  
• Tuning	   spacing	   of	   the	   ECM	   can	   elicit	   different	   responses	   in	   actin	   and	   focal	  
adhesions.	  Also,	  ECM	  features	  control	   the	  shape	  and	   function	  of	  protrusive	  
membrane	   extensions	   since	   the	   presence	   of	   lamellipodial	   and	   filopodial	  
extensions	   in	   either	   random	   or	   directional	   response	   is	   observed	   and	  
discussed.	  	  
• Based	   on	   the	   differences	   in	   speed	   and	   directionality	   displayed	   by	   cells	   on	  
microcontact	   printed	   surfaces	   of	   various	   geometry	   and	   composition,	   it	   is	  
concluded	  that	  cell	  migration	  efficiency	   is	  highly	  depended	  on	  the	  adhesive	  
strength	  of	  the	  ECM,	  the	  architecture	  and	  the	  nature	  of	  the	  ECM.	  	  
• Doses	   of	   EGF	   and	   SDF-­‐1α	   affect	   overall	   migration	   speed	   presumably	   by	  
modifying	   the	  dynamics	   of	   focal	   adhesions	   and	  diminishing	   the	   strength	  of	  
the	   ECM-­‐cell	   bond.	   Based	   on	   the	   differences	   in	   cell	   morphology	   and	   the	  
concentration	   range	   for	   maximal	   stimulation,	   it	   is	   possible	   to	   infer	  
dissimilarities	  on	  intracellular	  mechanisms	  activated	  by	  each	  factor.	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• Contact	  guidance	  signals	  are	  impacted	  due	  to	  the	  presence	  of	  chemokinetic	  
fields.	  By	  changing	  the	  adhesive	  bond	  with	  the	  ECM,	  EGF	  and	  SDF-­‐1α	  causes	  
cells	   to	   be	  more	   spread,	   and	   thus	   structural	   elements	   (like	   FA’s	   and	   actin	  
networks)	   that	   are	   involved	   in	   directing	   cell	   movement	   with	   respect	   to	  
contact	   guidance	   cues,	   cannot	   align	   faithfully	   thus	   impairing	   directional	  
movement.	  	  
• Inspection	  of	   FA’s	   characteristics	   showed	   the	  action	  of	   soluble	   factors,	   and	  
how	   highly	  motile	   cells	   display	  more	   intense	   focal	   adhesion	   sites,	  which	   is	  
related	   to	   the	   transmission	   of	   large	   intracellular	   forces	   that	   increase	   cell	  
migration	  speed.	  	  	  
• Myosin	   dependent	   traction	   forces	   are	   a	   determining	   factor	   for	   the	   cells	   to	  
respond	   to	   contact	   guidance	   cues	   in	   the	   environment.	   Inhibition	   with	  
blebbistatin	   caused	   cells	   to	   diminish	   their	   otherwise	   highly	   directional	  
movement.	  	  	  	  
	  
As	  mentioned	  before,	  our	  main	   interest	   is	   to	  address	  responses	  to	  multiple	  signals	  
presented	  simultaneously,	  and	  therefore	  the	  analysis	  in	  this	  section	  represent	  added	  value	  
to	   our	   understanding	   of	   the	   interaction	   between	   chemokines	   relevant	   during	   tumor	  
progression	   and	   the	   features	   of	   the	   surrounding	   tissue.	   	   Additionally,	   the	   value	   of	  
intracellular	  perturbations	   represents	   yet	   another	   important	   variable	   that	  determines	   cell	  
behavior.	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CHAPTER	  4	  	  
	  
DECIPHERING	  THE	  INTEGRATION	  OF	  MULTIPLE	  CUES	  IN	  DIRECTED	  
CELL	  MIGRATION	  	  
4.1	  Abstract	  
	  
Few	  biologically	  relevant	  situations	  exist	  where	  cells	  respond	  to	  one	  solitary	  cue,	  yet	  
nearly	   all	   of	   our	   understanding	   of	   cell	   behavior	   has	   been	   generated	   using	   simple	  
environments.	   The	   cancer	   microenvironment	   and	   artificial	   tissues	   represent	   complex	  
environments	   and	   require	   a	   sophisticated	   understanding	   of	   cell	   behavior	   like	   directed	  
migration	   in	   response	   to	   spatially	   inhomogeneous	   cues.	   A	   specific	   directional	   cue	   might	  
cooperate	   or	   compete	   with,	   dominate	   or	   submit	   to	   other	   directional	   cues	   in	   complex	  
environments.	  Understanding	  how	  cells	  integrate	  directional	  information	  not	  only	  requires	  
technologies	  to	  spatially	  organize	  cues,	  but	  also	  flexible	  technologies	  that	  can	  be	  combined	  
to	   organize	   multiple	   cues	   simultaneously.	   Until	   very	   recently,	   only	   a	   few	   studies	   have	  
addressed	   the	   interaction	   of	   multiple	   cues	   and	   their	   conjunct	   influence	   on	   migratory	  
responses	  in	  different	  cell	  types.	  Strikingly,	  none	  of	  these	  reports	  have	  addressed	  multiple-­‐
cue	   guidance	   in	   the	   context	   of	   cancer	  metastasis.	  With	   this	   in	  mind,	   our	  main	   goal	   is	   to	  
develop	  an	  engineered	  platform	  that	  allows	   for	   the	  presentation	  of	  contact	  guidance	  and	  
112	  
 
 
chemotactic	   signals	   simultaneously	   to	   evaluate	   their	   interaction	   and	   specific	   roles	   in	  
determining	  the	  migratory	  responses	  of	  cancer	  cells.	  	  
	  
The	  results	  obtained	  in	  this	  section	  evaluate	  the	  effect	  of	  chemotactic	  signals	  on	  the	  
migratory	   behavior	   of	   breast	   cancer	   cells	   by	   using	   the	  Dunn	   chemotaxis	   chamber	   and	   an	  
agarose	   sphere	   assay.	   Later,	   these	   2	   methodologies	   are	   combined	   with	   microcontact	  
printed	  surfaces	  to	  present	  contact	  guidance	  and	  chemotactic	  signals	  to	  MDA-­‐MB-­‐231	  cells,	  
either	  aligned	  or	  orthogonally	  oriented.	  The	  analysis	  of	  migratory	  parameters	  allowed	   for	  
the	  assessment	  of	   the	   relationship	  between	   these	  signals	  and	  how	  their	   concerted	  action	  
facilitates	   and	   enhances	   the	   efficiency	   of	  migration	   during	   the	   early	   stages	   of	  metastatic	  
invasion.	  In	  particular,	  the	  effect	  of	  contact	  guidance	  is	  more	  pronounced	  on	  MDA-­‐MB-­‐231	  
cells	   and	   when	   presented	   along	   with	   chemotactic	   gradients	   a	   synergistic	   relationship	   is	  
established.	   The	   work	   presented	   here	   highlights	   the	   importance	   of	   multiple	   cues	   during	  
tumor	  progression,	  and	  provides	  a	  unique	  platform	  to	  study	  migration	  in	  other	  biologically	  
relevant	   situations.	   Added	   value	   comes	   from	   the	   ability	   to	   use	   a	   different	   set	   of	  
chemokines,	  ECM	  proteins	  and	  different	  configuration	  of	  the	  signals.	  More	  importantly,	  by	  
studying	  cell	  migration	  using	  live	  cell	  imaging	  it	  is	  possible	  to	  evaluate	  transient	  changes	  in	  
morphology	  and	  to	  quantify	  migration	  with	  speed	  and	  directionality	  indexes,	  and	  how	  these	  
parameters	  are	  affected	  by	  the	  characteristics	  of	  environmental	  signals.	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4.2	  Introduction	  
	  
4.2.1	  Multiple	  cues	  in	  biological	  phenomena	  	  
From	  embryogenesis	  at	   the	  early	   stages	  of	   life	  and	   throughout	   the	  whole	  spam	  of	  
our	   existence,	   cell	   migration	   is	   critical	   in	   physiology.	   Its	   role	   in	   angiogenesis,	   immune	  
response,	   wound	   healing	   and	   cancer	   metastasis	   has	   been	   discussed	   extensively	   (Keller,	  
2005;	  Krawczyk,	  1971;	  Lamalice	  et	  al.,	  2007;	  Weijer,	  2009;	  Yamaguchi	  et	  al.,	  2005).	  During	  
these	  processes,	  cells	  are	  often	  directed	  to	  migrate	   towards	   targets.	  Soluble,	  extracellular	  
matrix	  (ECM)-­‐associated	  or	  electrical	  cues	  presented	  in	  a	  spatially	  inhomogeneous	  manner	  
direct	  migration	   through	  polarized	   activation	  of	   signaling	  pathways	   and	   the	   cytoskeleton.	  
The	  spatial	   inhomogeneities	   take	   the	   form	  of	  aligned	   fibers	  or	  gradients	   in	  concentration,	  
mechanical	   properties	   or	   electric	   field.	   Often	   times,	   cells	   must	   integrate	   migrational	  
information	  from	  several	  of	   these	  different	  cues.	  While	  the	  cell	  migration	  behavior,	  signal	  
transduction	   and	   cytoskeleton	   dynamics	   elicited	   by	   individual	   directional	   cues	   has	   been	  
largely	  determined,	   responses	   in	  more	   complex	  environments,	  where	  multiple	  directional	  
cues	   are	   present,	   are	  much	   less	   understood.	   To	   date,	   roughly	   about	   20	   different	   studies	  
have	   tried	   to	  address	   the	   interaction	  between	  multiple	  cues	   in	  a	  variety	  of	   situations	  and	  
cell	   types,	   and	   the	   details	   of	   such	   interactions	   are	   only	   beginning	   to	   gain	   interest	   in	   the	  
scientific	   community	   (Lara	   Rodriguez	   and	   Schneider,	   2013).	   Initial	   work	   in	   this	   area	   has	  
pointed	   to	   several	   interesting	  behaviors	   in	  multi-­‐cue	  environments,	   including	  competition	  
and	   cooperation	   between	   cues	   to	   determine	   the	  migrational	   responses	   of	   cells	   and	   their	  
final	  target.	  Some	  of	  these	  responses	  cannot	  be	  explained	  by	  a	  simple	  addition	  of	  responses	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to	   individual	   cues.	  Much	  of	   the	  work	  on	  multi-­‐cue	   sensing	  has	  been	  driven	  by	   the	   recent	  
development	  of	  approaches	  to	  systematically	  and	  simultaneously	  control	  directional	  cues	  in	  
vitro	  coupled	  with	  analysis	  and	  modeling	  that	  quantitatively	  describes	  those	  responses.	  	  
	  
A	   tremendous	  amount	  of	  work	  has	  been	  dedicated	   to	  understanding	   the	  way	   that	  
single	  environmental	  cues	  regulate	  cell	  migration	  during	  early	  stages	  of	  metastasis.	  Efforts	  
in	   this	   area	   are	   predominant	   since	   tumor	   cell	   motility	   has	   been	   targeted	   to	   develop	  
therapeutic	  tools	  to	  prevent	  and	  diagnose	  metastasis	   (Palmer	  et	  al.,	  2011).	   	  However,	   the	  
tumor	  microenvironment	  is	  a	  dynamic	  network	  that	  includes	  signals	  from	  the	  stromal	  tissue	  
and	  the	  different	  cell	  types	  recruited	  by	  cancer	  cells	  (Weber,	  2012).	  	  For	  instance,	  collagen	  is	  
a	   key	   structural	   component	   of	   the	   ECM	   that	   surrounds	   the	   tumor	   that	   is	   constantly	  
remodeled	   by	   fibroblasts	   recruited	   to	   the	   tumor	   site	   (Keely,	   2011,	   Ingman,	   2006).	   For	  
instance,	  during	  breast	  cancer	  cell	  progression	  the	  ECM	  in	  the	  tumor	  stroma	  is	  remodeled	  
to	   align	   collagen	   fibrils	   oriented	   radially	   from	   the	   tumor,	   producing	   a	   contact	   guidance	  
tumor	   that	   drives	   migration	   of	   cells	   into	   the	   surrounding	   tissue	   (Provenzano,	   2006).	  
Collagen	  fibrils	  and	  micro-­‐tracks	  are	  fabricated	  by	  controlled	  proteolysis	  and	  reorganization	  
of	  the	  extracellular	  matrix	  proteins	  (Kraning-­‐Rush,	  2013).	  	  As	  detailed	  in	  chapter	  3,	  different	  
methodologies	   have	   emerged	   to	   reproduce	   contact	   guidance	   signals	   and	   study	   cell	  
migration.	   Microcontact	   printing	   is	   a	   technique	   that	   provides	   surfaces	   in	   which	   multiple	  
characteristics	  of	  the	  contact	  guidance	  signal	  can	  be	  tuned	  (geometric	  pattern,	  size,	  spacing,	  
coating	  concentration,	  ECM	  proteins).	  More	  recently,	  collagen	  fibrils	  have	  been	  reported	  to	  
self-­‐assemble	  on	  epitaxially	  oriented	  mica,	   and	   studies	   carried	  out	   in	  our	   laboratory	  have	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demonstrated	  the	  feasibility	  of	  the	  technique	  to	  induce	  contact	  guidance	  in	  a	  variety	  of	  cell	  
types.	  Therefore,	  by	  using	  these	  two	  techniques,	  it	  is	  possible	  to	  evaluate	  contact	  guidance	  
cues	  of	  different	  nature,	  since	  fibrils	  on	  mica	  surfaces	  induce	  different	  migratory	  responses	  
of	  MDA-­‐MB-­‐231.	  
Additionally,	   overwhelming	   evidence	   has	   shown	   that	   chemokines	   in	   the	   tumor	  
microenvironment	   control	   the	   migration	   of	   tumor	   cells	   in	   the	   body	   (Zlotnik,	   2006).	  
Specifically,	  the	  expression	  of	  EGF	  by	  macrophages	  in	  the	  tumor	  stroma	  and	  its	  correlation	  
with	   increased	   metastatic	   potential	   in	   a	   variety	   of	   carcinomas	   has	   been	   demonstrated	  
(Qian,	  2010,	  Goswami,	  2005).	  This	  includes	  its	  apparent	  role	  as	  chemoattractant,	  not	  just	  a	  
random	  motility	  modulator.	  Similarly,	  other	  reports	  show	  the	  role	  of	  CXCL12	  (SDF-­‐1α)	  and	  
its	   receptor	   CXCR4	   during	   different	   stages	   of	   the	   metastatic	   cascade	   (growth,	   invasion,	  
homing)	  (Zlotnik,	  2006,	  Muller,	  2001).	  
	  
4.2.2	  Chemotaxis	  in	  cancer	  cells	  
Cancer	   metastasis	   involves	   invasion,	   intravasation/extravasation	   of	   blood	   vessels	  
and	  finally	  growth	  at	  a	  distant	  site.	  Chemotaxis	   is	  thought	  to	  be	   involved	   in	  each	  of	  these	  
crucial	   steps	   of	   tumor	   cell	   dissemination.	   During	   development,	   tumors	   recruit	   different	  
types	  of	  stromal	  cells	  such	  as	  fibroblasts,	  endothelial	  and	  inflammatory	  cells	  (Wyckoff	  et	  al.,	  
2004;	   Palmer	   et	   al.,	   2011;	   Hanahan	   &	   Coussens,	   2012).	   These	   cells	   produce	   a	   variety	   of	  
chemokines	  like	  epidermal	  growth	  factor	  (EGF),	  hepatocyte	  growth	  factor	  (HGF),	  (C-­‐C	  motif)	  
ligand	  5	  (CCL5)	  and	  stromal	  derived	  cell	  factor-­‐1α	  (SDF-­‐1α)	  amongst	  others.	  Interestingly,	  a	  
reciprocal	   interaction	   between	   tumor	   and	   host	   cells	   has	   been	   discovered.	   For	   example,	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macrophages	  are	  recruited	  to	  the	  invasive	  front	  by	  tumor-­‐derived	  colony	  stimulating	  factor	  
(CSF-­‐1)	   and	   in	   turn,	   they	   induce	   chemotaxis	   of	   cancerous	   cells	   by	   the	   expression	   of	   EGF	  
(Condeelis	  &	  Pollard,	  2006).	  Recent	  evidence	  suggests	  that	  soluble	  factors	  produced	  within	  
the	  tumor	  stroma	  act	  systematically	  to	  mobilize	  cells	  to	  pre-­‐metastatic	  niches,	  where	  they	  
induce	  favorable	  conditions	  for	  the	  survival	  of	  cancer	  cells	  (Sleeman,	  2012).	  
To	   date,	   different	   assays	   have	   been	   designed	   to	   study	   chemotaxis.	   Perhaps	   the	  
Boyden	  chamber	  is	  the	  most	  widely	  used	  since	  is	  one	  of	  the	  earliest	  and	  simplest	  assays	  for	  
cell	  migration.	   It	   uses	   an	   upper	   and	   a	   lower	   chamber	   separated	   by	   a	   porous	  membrane	  
through	   which	   cells	   migrate.	   The	   gradients	   are	   formed	   by	   placing	   a	   solution	   of	   the	  
chemoattractant	   in	  the	   lower	  chamber,	  and	  a	  gradient	   is	  generated	  across	  the	  membrane	  
by	   diffusion.	   	   Cells	   responds	   to	   the	   gradient	   and	   move	   from	   one	   chamber	   to	   the	   other	  
through	  pores	  in	  the	  membrane.	  Results	  obtained	  from	  these	  experiments	  have	  contributed	  
to	   our	   understanding	   of	   chemotaxis	   in	   cancer.	   Details	   about	   the	   action	   of	   certain	  
chemokines	   and	   their	   specificity	   in	   binding	   receptors	   in	   the	   cell	   surface	   have	   been	  
elucidated	   (Hendrix	   et	   al.,	   1987;	   Sun	   et	   al.,	   2005).	   Furthermore,	   these	   assays	   have	   been	  
used	   to	   unravel	   the	  molecular	   mechanism	   and	   signaling	   pathways	   behind	   chemotaxis	   in	  
cancer	   cells	   (Tian	   et	   al.,	   2011).	   In	   spite	   of	   its	   initial	   popularity,	   there	   are	   some	   concerns	  
about	  the	  end-­‐point	  nature	  of	  the	  assay	  and	  the	  fact	  that	  cells	  have	  to	  deform	  to	  migrate	  
through	  the	  pores	  of	  the	  filters.	  Moreover,	  these	  assays	  do	  not	  allow	  analyzing	  migration	  in	  
real	   time	   and	   the	   local	   concentration	   gradients	   around	   the	   pores	   of	   the	   semipermeable	  
membrane	  are	  variable	  and	  unknown.	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In	   an	   attempt	   to	   address	   some	   of	   these	   issues,	   other	   methodologies	   have	   been	  
developed	   (Adler,	   1966;	   Nelson	   et	   al.,	   1975;	   Zhao	   et	   al.,	   2005).	   In	   particular,	   the	   Dunn	  
chamber	   offers	   the	   possibility	   to	   study	   the	   migratory	   behavior	   of	   cells	   in	   a	   gradient	   of	  
known	   direction	   and	   magnitude.	   The	   Dunn	   chamber	   consists	   of	   two	   concentric	   wells	  
separated	  by	  an	  annular	  ridge	  (denominated	  the	  bridge).	  The	  bridge	  is	  optically	  polished	  to	  
be	   located	  precisely	  20-­‐μm	  below	   the	   surface	  of	   the	   coverslip	   that	   carries	   the	   cells	   to	  be	  
studied.	  A	  gradient	   is	  generated	  when	  the	   inner	  well	  of	   the	  chamber	   is	   filled	  with	  control	  
medium	  and	  the	  outer	  well	  filled	  with	  medium	  containing	  the	  chemoattractant,	  so	  a	  radially	  
directed	   diffusion	   gradient	   is	   established	   throughout	   the	   bridge	   and	   is	   subsequently	  
maintained	   for	   several	   hours.	   Compared	   to	   the	   Boyden	   chamber,	   the	   Dunn	   chamber	  
provides	   additional	   stability	   of	   the	   gradient	   due	   to	   the	   sealed	   glass	   enclosure	   of	  
incompressible	  medium	  that	  allows	  time-­‐lapse	  recordings.	  This	  approach	  has	  been	  used	  to	  
characterize	  the	  migratory	  response	  of	  a	  variety	  of	  cell	  types	  to	  different	  chemoattractants	  
and	  to	  study	  the	  role	  of	  Rho	  family	  proteins	  in	  the	  chemotactic	  response	  of	  macrophages	  to	  
CSF-­‐1	   (Jones,	   2002;	   Maden,	   1998;	   Allen,	   1998),	   which	   accounts	   for	   its	   feasibility	   as	   a	  
method	  to	  study	  chemotaxis	  effectively.	  	  	  	  
More	  recently,	  an	  agarose	  sphere	  assay	  for	  chemotactic	  invasion	  has	  been	  reported	  
as	  a	  method	  that	  allows	  studying	  chemotaxis	  of	  cells	  on	  planar	  surfaces	  with	  the	  simplicity	  
and	  cost-­‐effectiveness	  required	  for	  high	  throughput	  assays	  (Wiggins,	  2010).	  Soluble	  factors	  
are	  encapsulated	   in	  agarose	  gels.	   Then,	  agarose	  beads	  are	  deposited	  on	  glass	   surfaces	   to	  
create	   a	   diffusive	   source	   of	   chemoattractant,	   with	   the	   optical	   transparency	   to	   carry	   out	  
time-­‐lapse	  migration	  studies.	  In	  this	  section,	  we	  address	  initially	  the	  migration	  of	  MDA-­‐MB-­‐
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231	   cells	   under	   the	   influence	   of	   gradients	   of	   SDF-­‐1a	   and	   EGF	   generated	   using	   the	   Dunn	  
chamber	  and	   the	  agarose	   sphere	  assay.	   The	  effect	  of	   these	   factors	  on	  directed	  migration	  
using	   these	   two	   platforms	   is	   evaluated	   and	   quantified	   by	   measuring	   cell	   speed,	  
directionality	  and	  the	  fraction	  of	  cells	  penetrating	  the	  chemotaxis	  source	  (Agarose	  sphere).	  
Additionally,	  these	  platforms	  allow	  us	  to	  compare	  different	  gradient	  shapes	  (linear,	  radial)	  
and	   to	   evaluate	   if	   the	   competition	   of	   signals	   can	   be	   linked	   to	   their	   temporal	   regulation.	  
Studies	   in	   this	   area	   contribute	   to	   our	   understanding	   of	   the	   specific	   roles	   that	   each	  
chemoattractant	  has	  in	  random	  and	  directed	  migration,	  and	  to	  infer	  the	  responses	  that	  they	  
can	  trigger	  once	  presented	  along	  with	  contact	  guidance	  cues.	  	  
Additionally,	   in	   order	   to	   rigorously	   characterize	   the	   interplay	   of	   contact	   guidance	  
and	  chemotactic	  cues	  in	  the	  context	  of	  cancer	  metastasis,	   it	   is	  necessary	  to	  design	   in	  vitro	  
assays	  that	  allow	  manipulating	  specific	  features	  of	  each	  signal	  (ECM	  protein,	  soluble	  factor	  
concentration).	   Also,	   the	   platform	   must	   allow	   for	   the	   qualitative	   and	   quantitative	  
characterization	   of	   cell	   motility.	   To	   achieve	   this	   purpose,	   our	   approach	   consists	   in	  
combining	   microcontact	   printed	   surfaces	   and	   the	   two	   methodologies	   used	   to	   study	  
chemotaxis.	  By	  doing	  so,	  we	  obtain	  a	  flexible,	  tunable	  platform	  that	  allows	  the	  study	  of	  cell	  
migration	   responses	   to	   multiple	   cues	   when	   they	   are	   presented	   simultaneously.	   Also,	   to	  
evaluate	  the	  stability	  and	  steepness	  of	  the	  gradients	  generated,	  chemotactic	  sources	  will	  be	  
labeled	   by	   adding	   fluorescently	   labeled	   FITC	   dextran.	   The	   platforms	   are	   used	   to	   present	  
different	  arrangements	  of	  these	  signals	  to	  discover	  how	  cues	  compete	  or	  cooperate.	  It	  has	  
been	  reported	  that	  multi-­‐cue	  responses	  such	  as	  cue	  dominance	  might	  change	  depending	  on	  
other	   environmental	   inputs	   (Lara	   Rodriguez	   and	   Schneider,	   2013).	   Thus,	   by	   analyzing	   cell	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response	  to	  contact	  guidance	  and	  chemotactic	  signals	  aligned	  or	  orthogonal	  to	  each	  other,	  
a	  deeper	  understanding	  of	  their	  interaction	  can	  be	  obtained.	  	  
	  
4.3	  Materials	  and	  Methods	  
	  
4.3.1	  Materials	  	  
Human	   metastatic	   breast	   cancer	   cell	   line	   MDA-­‐MB-­‐231	   was	   purchased	   from	  
American	   Type	   Culture	   Collection	   (Manassas,	   VA),	   cultured	   in	   DMEM	   and	   kept	   in	   a	   CO2	  
incubator	   at	   37°C.	   Cell	   culture	   media	   was	   Dulbecco’s	   eagle	   modified	   media	   (DMEM)	  
containing	   10%	   fetal	   bovine	   serum-­‐FBS	   (Invitrogen),	   1%	   penicillin-­‐streptomycin,	   2%	   L-­‐
glutamine.	   Low-­‐serum	   DMEM	   was	   prepared	   using	   DMEM	   without	   phenol	   red	  
supplemented	  with	   2.5%	   fetal	   bovine	   serum-­‐FBS	   (Invitrogen),	   1%	   penicillin-­‐streptomycin,	  
2%	  L-­‐glutamine	  and	  1%	  sodium	  pyruvate.	   Imaging	  media	  was	  prepared	  using	  clear	  DMEM	  
and	   supplemented	   with	   1%	   Penn/Strep,	   2%	   Glutamax,	   1%	   Sodium	   pyruvate	   and	   12mM	  
HEPES.	  
	  
4.3.2	  Microcontact	  printing	  	  
All	  chemicals	  were	  purchased	  from	  Sigma	  (St.	  Louis,	  Missouri,	  US)	  or	  Fisher	  Scientific	  
(Hampton,	  New	  Hampshire,	  US)	  unless	  otherwise	  noted.	  Coverslips	  used	   for	  microcontact	  
printing	  were	   aldehyde	   functionalized.	  No.	   1-­‐22	   x	   30	  mm	   square	   coverslips	   (Corning	   Inc.,	  
Corning,	   New	   York,	   US)	   were	   sonicated	   in	   the	   following	   solutions:	   hot	   tap	   water	   with	  
Neutrad	   (Decon	   Labs,	   King	  of	   Prussia,	   Pennsylvania,	  US),	   hot	   tap	  water,	   distilled	  water,	   1	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mM	  EDTA	  solution,	  70%	  ethanol	  in	  water	  and	  100%	  ethanol.	  An	  adaptation	  of	  a	  protocol	  to	  
functionalize	  coverslips	  with	  glutaraldehyde	  was	  used	  (Branch	  et	  al.,	  1998).	  The	  coverslips	  
were	   soaked	   in	   a	   3:1	   sulfuric	   acid:30%	   hydrogen	   peroxide	   solution,	   washed	  with	   double	  
distilled	  water	  and	  placed	   in	  a	  solution	  of	  1%	  aminopropyltriethylsilane	  (APTES)	   in	  10	  mM	  
acetic	  acid.	  They	  were	  then	  heat-­‐treated	  in	  an	  oven	  at	  100	  °C.	  Finally,	  the	  coverslips	  were	  
treated	  with	   6%	   glutaraldehyde	   in	   phosphate	   buffered	   saline	   (PBS)	   (Gibco,	   Grand	   Island,	  
New	  York,	  US).	  The	  coverslips	  were	  stored	  in	  double	  distilled	  water	  at	  4	  °C	  until	  use.	  	  
Masks	   for	   the	   patterns	   were	   purchased	   through	   Microtronics,	   Inc.	   (Newton,	  
Pennsylvania,	  US).	  SU-­‐8	  photoresist	  (MicroChem,	  Newton,	  Massachusetts,	  US)	  was	  spun	  on	  
silicon	  wafers,	  exposed	  to	  UV	  light	  through	  the	  mask	  and	  developed	  per	  the	  manufacturer’s	  
recommendations.	   Polydimethylsiloxane	   (PDMS)	   stamps	   were	   created	   by	   mixing	   184	  
Silicone	   Elastomer	   Base	   (Dow	  Corning,	   Ellsworth	  Adhesives,	  Germantown,	  Wisconsin,	  US)	  
with	  its	  curing	  agent	  in	  a	  10:1	  weight	  ratio	  and	  then	  allowing	  it	  to	  spread	  on	  top	  of	  a	  fused	  
silica	  master.	  The	  master	  coated	  with	  PDMS	  was	  exposed	   to	  a	  vacuum	  to	   remove	  any	  air	  
bubbles	  and	  heated	  for	  an	  hour	  at	  60	  °C	  to	  cure	  the	  PDMS.	  PDMS	  stamps	  were	  sonicated	  in	  
double	   distilled	   water	   and	   in	   100%	   ethanol.	   A	   200	   μL	   collagen	   solution	   of	   4.5	   μg/mL	  
collagen	   I	   and	  1.5	  μg/mL	  alexa	  555-­‐labeled	   collagen	   I	   in	  0.5	  M	  acetic	   acid	  was	  applied	   to	  
each	  stamp.	  After	  40	  min	  incubation,	  the	  collagen	  solution	  was	  wicked	  off	  and	  then	  applied	  
to	   an	   aldehyde-­‐functionalized	   coverslip.	   This	   system	   was	   allowed	   to	   incubate	   for	   fifteen	  
minutes,	   and	   then	   the	   stamp	   was	   removed.	   The	   coverslip	   contains	   the	   specific	   pattern	  
transferred	  and	  can	  be	  used	  for	  chemotaxis	  or	  multi-­‐cue	  experiments.	  	  
	  
121	  
 
 
	  
4.3.3	  Fabrication	  of	  collagen	  fibrils	  on	  Mica	  substrates	  	  
Freshly	   and	   uniformly	   cleaving	  mica	   is	   a	   required	   step	   in	   assembling	   reproducible	  
collagen	  fiber	  fields.	  A	  15	  mm	  x	  15	  mm	  piece	  of	  muscovite	  mica	  (highest	  grade	  VI,	  Ted	  Pella,	  
Redding,	  CA,	  USA)	  was	   freshly	  cleaved	  using	   tape.	  A	   single	   layer	  of	   the	  mica	   remained	  on	  
the	  tape.	  Collagen	  type	  I	  was	  diluted	  in	  the	  buffer	  solution	  to	  the	  proper	  concentration	  and	  
the	   buffer	   solution	  was	   incubated	   on	   the	  mica	   at	   room	   temperature	   for	   an	   hour.	   Buffer	  
solution	  1	  consisted	  of	  50	  mM	  Tris-­‐HCl	   (Fisher	  Scientific,	  Hampton,	  New	  Hampshire,	  USA)	  
and	   200	   mM	   KCl	   (Fisher	   Scientific)	   at	   pH	   9.2.	   After	   removing	   the	   collagen	   solution,	   the	  
substrate	   was	   left	   to	   dry	   overnight.	   MDA-­‐MB-­‐231	   cells	   were	   suspended	   in	   low-­‐serum	  
DMEM	  and	  plated	  for	  2	  hours	  before	  assembling	  the	  Dunn	  Chemotaxis	  chamber.	  	  
	  
4.3.4	  Dunn	  chemotaxis	  assay	  	  
MDA-­‐MB-­‐231	   cells	   between	   passage	   three	   and	   twenty	   were	   used	   for	   all	   the	  
experiments	  described	  here.	  Cells	  were	  serum	  deprived	  overnight	  using	  low	  serum	  DMEM	  
media	   (Gibco,	   Grand	   Island,	   New	   York,	   US).	   MDA-­‐MB-­‐231	   cells	   were	   detached	   from	   the	  
culture	   dish	   surface	   using	   Trypsin	   EDTA	   and	   suspended	   in	   low	   serum	  DMEM.	   Then,	   they	  
were	   plated	   onto	   patterned	   coverslips	   at	   an	   approximate	   density	   of	   200,000	   cells	   per	  
coverslip.	  Cells	  were	  allowed	  to	  attach	  to	  the	  coverslip	  for	  three	  to	  four	  hours	  kept	   inside	  
the	   incubator.	   The	   coverslip	  was	   then	   inverted	  onto	   the	  Dunn	   chemotaxis	   chamber	   filled	  
with	   imaging	  media.	   After	   securing	   the	   coverslip	   to	   the	   chamber	   using	   VALAP	   (Vaseline:	  
paraffin:	  beeswax-­‐1:1:1)	  the	  media	  from	  the	  outer	  well	   is	  removed	  using	  a	  fine-­‐tip	  needle	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syringe.	   To	   generate	   the	   gradient,	   the	  media	   in	   the	   outer	   well	   is	   replaced	   by	   a	   solution	  
containing	  100	  nM	  EGF	  and	  1:400	  FITC	  dextran	   (12.5	  mg/mL)	   in	   imaging	  media	   (No	  FBS).	  
The	  outer	  well	  slit	  is	  then	  sealed	  with	  VALAP.	  Finally,	  the	  surface	  is	  cleaned	  with	  water	  and	  
ethanol	  before	  starting	  imaging.	  	  	  	  
	  
4.3.5	  Agarose	  sphere	  assay	  	  
Agarose	  (0.1	  g,	  Fisher	  Scientific)	  was	  diluted	   in	  20	  mL	  of	  phosphate	  buffer	  solution	  
(PBS)(Invitrogen).	   	   The	   agarose	   solution	   was	   then	   heated	   in	   a	   hot	   plate	   until	   boiling	  
(approximately	   at	   88	   °C),	   swirled	   to	   facilitate	  dissolution	  and	   then	   removed	   from	   the	  hot	  
plate.	   	  When	  the	  temperature	  reached	  40°C,	  90	  μL	  of	  agarose	  solution	  were	  pipetted	  into	  
an	  eppendorf	  tube	  containing	  10	  μL	  of	  EGF-­‐FITC	  dextran	  solution.	  Ten	  microliter	  spheres	  of	  
agarose	  solution	  containing	  EGF	  were	  then	  pipetted	  on	  the	  surface	  of	  microcontact-­‐printed	  
substrates	  using	  cut	  pipet	  tips.	   	  The	  multi-­‐cue	  platform	  was	  then	  transferred	  to	  the	  fridge	  
and	   kept	   for	   an	  hour	   at	   approximately	   4	   °C.	  MDA-­‐MB-­‐231	   cells	  were	   subcultured	   in	   low-­‐
serum	  DMEM	  and	  seeded	  on	  these	  substrates.	  Time-­‐lapse	  imaging	  started	  2	  hours	  later	  as	  
described	  below.	  
	  
4.3.6	  Cell	  imaging	   	  
The	  microscopy	  stage	  was	  heated	  with	  an	  air	  curtain	  (Nevtech,	  Gardnerville,	  Nevada,	  
US)	  or	  through	  use	  of	  a	  perfusion	  chamber	  with	  temperature	  control	  (Warner	  Instruments,	  
Hamden,	  Connecticut,	  US).	  The	  heater	  was	  allowed	  to	  reach	  a	  steady-­‐state	  37	  °C	  before	  the	  
sample	   was	   imaged.	   Before	   cells	   were	   imaged,	   lines	   were	   imaged	   using	   epifluorescence	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microscopy.	  Cells	  were	  imaged	  using	  phase	  microscopy	  at	  three-­‐minute	  intervals	  for	  up	  to	  
12	  hours.	  Images	  were	  captured	  at	  10X	  (NA	  0.50)	  with	  a	  charge-­‐coupled	  device	  (CoolSNAP	  
HQ2,	   Photometrics,	   Tuscan,	   Arizona,	   US)	   attached	   to	   an	   inverted	   microscope	   (Eclipse	  
Ti,Nikon,Tokyo,Japan).	  Image	  equipment	  was	  controlled	  by	  MicroManager	  1.3.	  
	  
4.3.7	  Migration	  data	  analysis	  	  
	  
The	  cells	   in	   the	   image	   sequences	  were	  manually	   tracked	  using	  MtrackJ,	   an	   ImageJ	  
add-­‐on.	  The	  nucleus	  of	  each	  qualifying	  migrating	  cell	  was	  tracked.	  Only	  cells	  that	  lived	  for	  or	  
stayed	   within	   the	   bounds	   of	   the	   imaging	   field	   for	   at	   least	   six	   hours	   and	   migrated	   were	  
tracked.	  A	  cell	  that	  divided	  must	  have	  migrated	  by	  itself	  for	  six	  consecutive	  hours,	  without	  
interruption	  by	  cellular	  division	  to	  be	  tracked.	  A	  cell	  resulting	  from	  division	  must	  migrate	  for	  
six	  hours	  on	  its	  own,	  following	  the	  same	  criteria	  as	  a	  non-­‐dividing	  cell.	  In	  addition,	  any	  cells	  
on	  damaged	  line	  segments	  were	  not	  counted.	  The	  position	  of	  each	  cell	  was	  registered	  using	  
MtrackJ	  and	  the	  directionality	  and	  migration	  speed	  was	  calculated	  using	  a	  MATLAB	  script,	  
as	  follows.	  The	  movement	  of	  the	  cell	  from	  one	  position	  (x1,	  y1)	  to	  another	  position	  (x2,	  y2)	  
over	   a	   given	   time	   interval	   (t1	   to	   t2)	  was	  used	   to	   calculate	   the	  angle	  of	   displacement	  with	  
respect	  to	  the	  long	  axis	  of	  the	  collagen	  lines,	  θ	  and	  the	  migration	  speed,	  S.	  The	  time	  interval	  
is	  referred	  to	  as	  the	  time	  lag	  (τ=	  ti+1	  –	  ti).	  Different	  time	  lags	  can	  be	  used	  to	  calculate	  θ	  and	  S.	  
For	   instance,	   instead	  of	  using	  positions	  at	   ti	  and	  ti+1,	  one	  could	  use	  positions	  at	   ti	  and	  ti+2,	  
increasing	  the	  time	  lag	  by	  a	  factor	  of	  two.	  Therefore,	  the	  smallest	  time	  lag	  corresponds	  to	  
the	  sampling	  frequency	  of	  the	   image	  sequences	  which	   is	  ~	  2	  mins.	  The	  angle	  distributions	  
were	   assembled	   using	   all	   θ’s	   from	   each	   non-­‐overlapping	   time	   interval	   from	   all	   cells	   at	   a	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particular	  condition.	  The	  angle	  of	  displacement	  with	  respect	  to	  the	  long	  axis	  of	  the	  collagen	  
lines,	  θ,	  ranges	  from	  0	  to	  π/2,	  where	  0	  corresponds	  to	  displacement	  parallel	  to	  the	  collagen	  
lines	  and	  π/2	  corresponds	  to	  displacement	  perpendicular	  to	  the	  collagen	  lines.	  	  
Cell	  directionality,	  DI,	  was	  calculated	  for	  each	  cell	  using	  the	  following	  equation:	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Where	  N	  is	  the	  number	  of	  time	  intervals	  contained	  in	  an	   individual	  cell	  track	  and	  θi	   is	  the	  
angle	  of	  cell	  movement	  with	  respect	   to	   the	  collagen	   lines	  between	  two	  times	   (ti+1	   -­‐	   ti	  =τ).	  
This	  value	  was	  then	  averaged	  among	  cells	  to	  construct	  an	  average	  DI	  for	  a	  given	  condition.	  
Cell	  migration	  speed,	  S,	  was	  calculated	  for	  each	  cell	  using	  the	  following	  equation:	  	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (2)
	  
Where	  N	  is	  the	  number	  of	  time	  intervals	  contained	  in	  an	  individual	  cell	  track	  and	  Δx	  and	  Δy	  
are	  the	  x	  and	  y	  displacements	  between	  two	  times	  (ti+1	  -­‐	  ti	  =	  τ).	  This	  value	  was	  then	  averaged	  
among	  cells	  to	  construct	  an	  average	  S	  for	  a	  given	  condition.	  DI	  and	  S	  were	  calculated	  with	  a	  
time	  lag	  of1	  step	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4.4	  Results	  	  
	  
4.4.1	  MDA-­‐MB-­‐231	  cells	  response	  to	  EGF	  and	  SDF-­‐1α	  chemotactic	  gradients	  induced	  in	  the	  
Dunn	  chemotaxis	  chamber	  
	   	   Chemotactic	  response	  has	  been	  largely	  documented	  as	  a	  prominent	  mechanism	  for	  
directed	  migration	  in	  biology.	  From	  wound	  healing	  to	  immune	  response	  and	  lately,	  its	  role	  
in	  pathologies	  such	  as	  cancer	  has	  been	  discussed	  and	  explored.	  As	  a	  first	  approximation	  to	  
the	   analysis	   of	   multiple	   cues	   and	   their	   inference	   during	   invasion	   and	   metastasis,	  
chemotactic	  responses	  of	  MDA-­‐MB-­‐231	  are	  analyzed	  here.	  Uniform	  collagen	  surfaces	  were	  
printed	   on	   glutaraldehyde	   treated	   coverslips	   and	   used	   as	   substrate	   for	   the	   chemotactic	  
assays,	  in	  order	  to	  have	  the	  results	  described	  in	  chapter	  3	  as	  a	  baseline	  valid	  comparison.	  	  	  
	   	   Figure	   4.1	   shows	   the	   instantaneous	   cell	   speed	   values	   obtained	   for	   MDA-­‐MB-­‐231	  
cells	  under	   chemotactic	  gradients	  of	  either	  EGF	  or	  SDF-­‐1α.	   In	  a	   similar	  way	   to	   the	   results	  
obtained	   for	   chemokinesis	   induced	   by	   these	   soluble	   factors,	   cell	   instantaneous	   speed	   is	  
significantly	   increased	   and	   the	   response	   is	   dose	   dependent	   and	   specific	   for	   each	  
chemoattractant.	   It	   is	   noticeable	   that	   these	   values	   were	   comparable	   to	   those	   detailed	  
previously	  in	  chapter	  3.	  Directionality	   indexes	  were	  calculated	  to	  address	  the	  effect	  of	  the	  
directional	  cue	   induced	  with	  the	  Dunn	  chamber,	  and	  the	  values	  were	   in	  the	  range	  of	  cells	  
migrating	   randomly.	  A	   close	  observation	  of	   the	   time-­‐lapse	   sequences	   showed	   that	  only	   a	  
fraction	   of	   cells	   actively	  migrates	   towards	   the	   gradient,	   and	   that	   this	  migration	   is	  mildly	  
biased	  due	  to	  the	  effect	  of	  the	  gradient	  (Figure	  4.1	  b,d).	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Figure	   4.1	   Cell	   instantaneous	   speed	   of	   MDA-­‐MB231	   cells	   under	   chemotactic	   gradients	  	  	  	  
(a)(b)	   EGF	   (c)(d)	   SDF-­‐1α.	   Gradients	   induced	   in	   the	   Dunn	   chamber	   increase	  
significantly	   the	   migration	   speed	   of	   breast	   cancer	   cells.	   Gradients	   seem	   to	  
influence	  the	  direction	  of	  only	  a	  fraction	  of	  cells,	  while	  the	  rest	  of	  cells	  migrate	  
rather	  randomly	  as	  described	  by	  the	  trajectories	  displayed	  on	  (b)	  and	  (d).	  	  
	  
	  
While	  chemotaxis	  induced	  by	  these	  soluble	  factors	  has	  been	  studied	  by	  a	  myriad	  of	  
research	  groups,	  it	   is	  to	  note	  that	  comparatively	  the	  reports	  cover	  different	  ECM	  proteins,	  
midpoint	   concentration	   and	   steepness	   of	   the	   gradient	   and	   platforms,	   so	   the	   variability	  
a 
c 
 
 
b 
d 
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amongst	  the	  chemotactic	  responses	  can	  be	  expected	  (Wang,	  2004,	  Price,	  1999).	   	  A	  recent	  
study	  already	  demonstrated	  that	  SDF-­‐1α	  alone	  does	  not	  induce	  directed	  migration	  of	  breast	  
cancer	   cells,	   in	   well	   defined,	   stable	   gradients	   generated	   in	   a	   microfluidic	   platform	  
(Mosadegh,	   2008).	   Interestingly,	  when	   uniform	   doses	   of	   EGF	  were	   added	   simultaneously	  
with	   SDF-­‐1α	   gradients,	   cells	   migrated	   towards	   the	   gradient,	   which	   indicates	   that	   the	  
mechanisms	   involved	   in	   chemotactic	   responses	   of	   MDA-­‐MB-­‐231	   cells	   are	   more	   complex	  
than	   previously	   established.	  Other	   studies	   have	   explored	   the	   interplay	   between	   different	  
signaling	   pathways	   activated	   by	   either	   EGF	   or	   SDF-­‐1α	   during	   tumor	   progression	   in	  
chemotaxis	  of	  breast	  cancer	  cells	   in	  3D	  environments	   (Kim,	  2013).	  Evidence	  presented	  by	  
Kim	  et	  al.	  suggested	  that	  chemoinvasive	  behavior	  during	  early	  stages	  of	  cancer	  metastasis	  
depends	   on	   the	   cooperation	   of	   signals	   presented	   to	   cancer	   cells,	   and	   not	   their	   effect	   as	  
single	  chemoattractants,	  which	  could	  explain	  the	  absence	  of	  a	  strong	  chemotactic	  response	  
for	  the	  experimental	  conditions	  evaluated	  here.	  
	  
4.4.2	  Multiple	  cue	  sensing:	  Micropatterned	  substrates	  and	  Dunn	  chemotaxis	  	  
The	   study	   of	   tumor	   invasion	   in	  more	   complex	  microenvironments	   is	   beginning	   to	  
attract	  attention	  in	  the	  field	  since	  evidence	  shows	  that	  a	  variety	  of	  signals	  drives	  migration	  
not	  only	  in	  the	  primary	  tumor	  stroma,	  but	  also	  in	  niche	  sites	  for	  disseminated	  cells	  such	  as	  
bone	  marrow	  and	  lymph	  nodes	  (Joyce,	  2009).	  In	  this	  section,	  the	  effect	  of	  contact	  guidance	  
cues	  presented	  simultaneously	  with	  chemotactic	  gradients	  generated	  in	  the	  Dunn	  chamber	  
is	   presented.	   Collagen	   lines	   of	   3x3	   and	   3x10	   microns	   were	   printed	   using	   a	   collagen	  
concentration	  of	  60	  μg/mL.	  Results	   from	  the	  previous	  chapter	  showed	  that	  comparatively	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to	   other	   ECM	   proteins	   used	   to	   induce	   contact	   guidance,	   this	   specific	   concentration	   of	  
collagen	  stimulates	  directed	  movement	  along	   the	   lines	  but	  cells	  are	  slow,	  perhaps	  due	   to	  
the	   adhesive	   strength	   of	   the	   ECM.	   Additionally,	   to	   address	   the	   influence	   of	   chemotactic	  
fields	   on	   contact	   guidance	   signals	   of	   different	   nature,	   collagen	   fibers	   self-­‐assembled	   on	  
epitaxial	  cleaved	  mica	  will	  be	  used	  as	  a	  substrate	  for	  the	  multi-­‐cue	  experiments.	  A	  gradient	  
of	   100	   nM	   EGF	  will	   be	   used	   for	   these	   experiments,	   since	   differences	   in	   the	   chemotactic	  
responses	  to	  each	  of	  the	  factors	  studied	  are	  not	  detected.	  	  
Figure	   4.2	   shows	   the	   effect	   of	   an	   EGF	   gradient	   with	   a	  midpoint	   concentration	   of	  
100nM	   on	   the	   instantaneous	   cell	   speed	   and	   directionality	   index	   of	   MDA-­‐MB-­‐231	   cells	  
migrating	   on	   collagen	   lines	   of	   different	   spacing	   and	   mica	   substrates.	   	   The	   different	  
responses	  elicited	  by	  contact	  guidance	  cues	  of	  different	  nature	  are	  noted	  when	  migration	  
parameters	   obtained	   for	   cells	   on	   collagen	   lines	   and	  mica	   substrates	   are	   compared.	   Cells	  
display	  the	  lowest	  speed	  on	  mica	  substrates	  (about	  17	  μm/hr),	  while	  migration	  on	  collagen	  
printed	  lines	  triggers	  migration	  speed	  values	  between	  35-­‐45	  μm/hr.	  These	  differences	  can	  
be	   explained	   by	   the	   adhesive	   properties	   of	   printed,	   well	   defined	   lines	   generated	   with	  
microcontact	  printing	  versus	  collagen	  fibrils	  of	  heterogeneous	  length	  and	  width.	  Moreover,	  
time-­‐lapse	  sequences	  of	  cells	  on	  mica	  show	  that	  the	  collagen	  fibrils	   in	  the	  surface	  are	  not	  
strongly	   attached	   to	   the	   surface,	   and	   during	  migration	   cells	   tend	   to	   pull	   and	   deform	   the	  
collagen.	   In	   general,	   the	  direction	  of	   cell	  movement	   is	   regulated	  by	   the	   contact	   guidance	  
signals	  on	   the	   surface,	  and	   the	  extent	  of	   this	  effect	  depends	  on	   line	   spacing	  anc	  collagen	  
coating	   concentration.	   The	   effect	   of	   a	   chemotactic	   gradient	   aligned	   with	   the	   contact	  
guidance	   field	   enhances	   the	   efficiency	   of	   migration,	   independently	   of	   the	   nature	   of	   the	  
129	  
 
 
contact	  guidance	  signals.	  The	  addition	  of	  a	  chemotactic	  field	  increases	  significantly	  both	  cell	  
migration	  speed	  and	  directionality	  index	  for	  all	  the	  conditions	  considered.	  The	  extent	  of	  this	  
phenomenon	  is	  noticeable	  when	  examining	  the	  particular	  increments	  of	  directionality	  index	  
for	   cells	   on	   3x3	   collagen	   lines.	   A	   gradient	   in	   the	   same	   direction	   of	   the	   collagen	   lines	  
increases	  the	  DI	  values	  from	  0.42	  up	  to	  0.69,	  close	  to	  the	  directionality	  displayed	  by	  cells	  on	  
3x10	  substrates	  without	  any	  chemotactic	  field	  added.	  	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	   4.2	   Cell	   instantaneous	   speed	   and	   DI	   of	  MDA-­‐MB231	   cells	   under	   aligned	   contact	  
guidance	  and	  chemotactic	  fields.	  (a)	  Cell	  instantaneous	  speed	  (b)	  Directionality	  
Indexes	   (In	   the	  direction	  of	   lines	   and	   gradients).	   The	   synergy	  between	   these	  2	  
signals	  increases	  both	  cell	  instantaneous	  speed	  and	  directionality,	  thus	  positively	  
affecting	  the	  overall	  efficiency	  of	  cell	  migration.	  Error	  bars	  95%	  CI.	  	  
a 
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One	  of	  the	  advantages	  of	  the	  methodology	  described	  here	  is	  that	  it	  can	  be	  used	  to	  
present	   dual	   signals	   either	   in	   the	   same	   direction	   or	   orthogonal	   to	   each	   other.	   Figure	   4.3	  
shows	   the	   migration	   parameters	   obtained	   for	   cells	   migrating	   under	   the	   influence	   of	  
competing	   contact	   guidance	   and	   chemotactic	   signals.	   While	   cell	   speed	   increases	   for	   the	  
substrates	   analyzed,	   directionality	   indexes	   values	   remain	  within	   the	   same	   range	   of	   those	  
measured	   for	   cells	   migrating	   on	   collagen	   lines	   only.	   These	   results	   suggest	   that	   the	   EGF	  
chemotactic	   gradient	   induced	   cannot	   compete	  with	   contact	   guidance	   signals	   that	   control	  
the	   direction	   of	   movement.	   However,	   EGF	   in	   the	   surroundings	   has	   an	   effect	   on	   cell	  
instantaneous	  speed,	   in	  a	  similar	  way	   in	  which	  uniform	  doses	  of	  soluble	   factors	   increased	  
random	  cell	  speed.	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	  4.3	  Cell	   instantaneous	  speed	  and	  DI	  of	  MDA-­‐MB231	  cells	  under	  contact	  guidance	  
and	  chemotactic	   fields	  orthogonally	  oriented.	   (a)	  Cell	   instantaneous	  speed	   (b)	  
DI(Lines).	  The	  synergy	  between	  these	  2	  signals	  increases	  both	  cell	  instantaneous	  
a 
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speed	   and	   directionality,	   thus	   positively	   affecting	   the	   overall	   efficiency	   of	   cell	  
migration.	  Error	  bars	  95%	  CI.	  	  
	  
4.4.3	  Multiple	  cue	  sensing:	  Micropatterned	  substrates	  and	  agarose	  sphere	  assay	  
An	  agarose	  sphere	  assay	   reported	   recently	  by	  Wiggins	  et	  al.	   is	  adapted	   to	  present	  
chemotactic	  gradients	  on	  micropatterned	  surfaces	  (Wiggins,	  2010).	  Initially,	  to	  evaluate	  the	  
feasibility	   of	   the	   technique	   to	   induce	   a	   chemotactic	   response,	   agarose	   beads	   were	  
deposited	   on	   flat	   collagen	   surfaces	   printed	   on	   glutaraldehyde-­‐treated	   coverslips.	   For	   the	  
experiments	  carried	  out	  in	  this	  section,	  a	  concentration	  of	  collagen	  of	  6	  µg/mL	  is	  used,	  in	  an	  
attempt	  to	  evaluate	  multicue	  migration	  on	  substrates	  with	  different	  adhesive	  strength.	  	  
	  
Agarose	   beads	  with	   phosphate	   buffer	   solution,	   10nM	   EGF	   and	   100	   nM	   EGF	  were	  
fixed	  on	   flat	   surfaces	  of	   collagen.	  MDA-­‐MB-­‐231	  cells	  were	  allowed	   to	   spread	   for	  2	  hours,	  
then	   low-­‐serum	  media	  was	  exchanged	  by	   imaging	  media	   (with	  no	  FBS)	  and	  samples	  were	  
kept	  in	  the	  incubator	  for	  16	  hours.	  Samples	  were	  then	  imaged	  at	  the	  periphery	  of	  the	  bead,	  
in	  order	  to	  determine	  the	  number	  of	  cells	  that	  migrated	  towards	  the	  chemotactic	  source	  or	  
if	   the	   agarose	   bead	   itself	   could	   bias	   cell	   movement.	   Figure	   4.4	   shows	   transmitted	   light	  
micrographs	  to	  compare	  the	  effect	  of	  chemotactic	  gradients	  on	  the	  migration	  of	  MDA-­‐MB-­‐
231	  cells.	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Figure	   4.4	   Agarose	   sphere	   assay.	   Chemotaxis	   of	   MDA-­‐MB-­‐231	   cells	   on	   flat	   collagen	  
surfaces.	   (a)	   Breast	   cancer	   cells	   do	   not	   migrate	   into	   agarose	   beads	   with	   PBS	  
(Control)	  (b)	  Cells	  actively	  migrate	  into	  agarose	  beads	  with	  EGF.	  (c)	  Differences	  in	  
the	   normalized	   ratio	   of	   cells	   migrating	   inside	   the	   beads	   accounts	   for	   the	  
feasibility	  of	  this	  technique	  to	  evaluate	  chemotaxis.	  	  
	  
	  
MDA-­‐MB-­‐231	  cells	  do	  not	  migrate	   into	  agarose	  beads	  with	  PBS	  as	  shown	   in	   figure	  
4.4	   (a).	  On	   the	   contrary,	   cells	   enter	   the	   agarose	   sphere	  boundary	   as	   a	   clear	   indication	  of	  
chemotactic	   migration	   induced	   by	   EGF.	   To	   quantify	   differences	   elicited	   by	   the	   EGF	  
concentration	   inside	   the	   beads,	   the	   normalized	   ratio	   of	   cells	   entering	   the	   sphere	   was	  
measured	  and	  the	  results	  are	  depicted	  in	  figure	  4.4	  (c).	  Three	  specific	  areas	  were	  selected	  
for	  imaging	  taking	  as	  a	  reference	  frame	  the	  position	  during	  imaging.	  The	  selection	  of	  aligned	  
(0°),	  orthogonal	  (90°)	  and	  tangent	  (45°)	  will	  be	  relevant	  during	  the	  measurements	  taken	  for	  
multicue	  sensing	   in	  which	   the	  cooperation	  or	  competition	  of	   signals	  can	  be	  quantitatively	  
analyzed.	  The	  results	  obtained	  show	  that	  an	  EGF	  induces	  directional	  movement	  towards	  the	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chemoattractant	   source,	   and	   that	  a	  100	  nM	  EGF	  concentration	   induces	  higher	   fraction	  of	  
cells	  to	  move	  inside	  the	  agarose	  bead.	  
	  After	  testing	  the	  feasibility	  of	  the	  agarose	  sphere	  technique	  to	  deliver	  chemotactic	  
signals,	  a	  multi-­‐cue	  platform	  was	  fabricated	  by	  combining	  it	  with	  micropatterned	  surfaces.	  
Agarose	   spheres	   with	   100nM	   EGF	   were	   deposited	   on	   3x3	   and	   3x10	   patterns.	   As	   a	   first	  
approximation,	   the	   fraction	   of	   cells	  migrating	   into	   the	   agarose	   sphere	  was	   quantified	   for	  
regions	   of	   the	   periphery	   of	   the	   sphere	   that	   presented	   contact	   guidance	   and	   chemotactic	  
signals	   perfectly	   aligned,	   orthogonal	   and	   tangent	   to	   each	   other.	   Figure	   4.5	   shows	   the	  
overlay	   images	   of	   MDA-­‐MB-­‐231	   cells	   under	   the	   influence	   of	   chemotactic	   gradients	  
generated	  from	  agarose	  spheres	  (green)	  and	  contact	  guidance	  fields	  in	  the	  form	  of	  collagen	  
lines	  (red).	  By	  comparing	  micrographs	  from	  a-­‐f,	  it	  is	  noticeable	  how	  there	  is	  a	  higher	  density	  
of	   cells	   migrating	   inside	   the	   spheres	   when	   both	   signals	   are	   aligned	   and	   only	   a	   few	   cells	  
migrate	   towards	   the	   bead	   when	   collagen	   lines	   are	   orthogonal	   to	   the	   radial	   gradient	  
delivered	  by	  the	  bead.	  A	  quantitative	  analysis	   is	  presented	   in	   figure	  4.5(g),	  and	   in	  general	  
the	  fraction	  of	  cells	  migrating	  inside	  the	  bead	  depends	  on	  the	  presentation	  of	  these	  signals,	  
being	   higher	  when	   lines	   are	   in	   the	   same	   direction	   of	   the	   gradient	   and	   decreasing	   as	   the	  
alignment	  changes.	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Figure	  4.5	  Multicue	  platforms	  with	  micropatterned	  surfaces	  and	  agarose	  beads.	   (a)(b)(c)	  
Breast	  cancer	  cells	  migrating	  on	  3x3	  collagen	  lines	  and	  chemotactic	  gradients	  of	  
EGF	  (d)(e)(f)	  3x10	  collagen	  lines	  and	  EGF	  chemotactic	  gradients.	  The	  number	  of	  
cells	  migrating	   into	  agarose	  beads	  containing	  EGF	  depends	  on	  the	  alignment	  of	  
the	  signals	  in	  the	  environment.	  (g)	  Normalized	  ratio	  of	  cells	  shows	  that	  a	  higher	  
number	  of	  cells	  migrate	   into	  the	  bead	  when	  chemotactic	  and	  contact	  guidance	  
signals	  are	  aligned.	  Collagen	  (red)	  FITC	  dextran	  (green)	  
	  
	  
	  
Migration	  experiments	  were	  also	  carried	  out	   in	  order	  to	  analyze	  quantitatively	  cell	  
migration	  parameters	  when	  multiple	  signals	  are	  presented	  to	  MDA-­‐MB-­‐231	  cells	  using	  this	  
platform.	  Cell	  instantaneous	  speed	  and	  directionality	  index	  results	  are	  summarized	  in	  figure	  
4.6.	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Figure	   4.6	   Cell	  migration	  parameters	   for	  MDA-­‐MB-­‐231	   cells	   on	  multicue	  platforms	  with	  
micropatterned	   surfaces	   and	   agarose	   beads	   presented	   orthogonally.	   (a)	   Cell	  
instantaneous	  speed	  (b)	  Directionality	  Index.	  Error	  bars	  95%CI.	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The	  results	  obtained	  show	  that	  EGF	  gradients	  generated	  with	  agarose	  beads	  have	  a	  
mild	  effect	  in	  the	  speed	  of	  cells	  migrating	  on	  3x3	  collagen	  lines	  and	  there	  is	  no	  statistically	  
sound	   difference	   between	   the	   values	   obtained	   for	   cells	   in	   3x10	   lines	   and	   the	   addition	   of	  
gradients	   in	   any	   direction.	   	   In	   a	   similar	   way,	   the	   addition	   of	   gradients	   either	   aligned	   or	  
orthogonal	  to	  the	  lines	  increases	  the	  directionality	  index	  of	  cells	  migrating	  on	  3x3	  lines	  but	  	  
DI	   values	   for	   cells	   on	   3x10	   lines	   remain	   within	   the	   same	   range	   independently	   of	   the	  
direction	  of	  the	  gradient.	  	  
	   The	  platforms	  described	  in	  this	  section	  offer	  the	  flexibility	  to	  analyze	  cell	  migration	  
with	  time-­‐lapse	  to	  obtain	  quantitative	  parameters.	  Also,	  for	  the	  agarose	  bead	  assay,	  added	  
value	  comes	  from	  the	  end-­‐point	  quantification	  that	  provides	  evidence	  on	  how	  these	  signals	  
act	  to	  direct	  cells	  to	  a	  specific	  target.	  Altogether	  the	  results	  presented	  in	  this	  section	  show	  
that	  the	  efficiency	  of	  migration	  is	  positively	  affected	  by	  the	  synergy	  of	  contact	  guidance	  and	  
chemotactic	  signals.	  MDA-­‐MB-­‐231	  cells	  were	  both	  faster	  and	  more	  directional	  when	  contact	  
guidance	   and	   chemotactic	   signals	   were	   presented	   in	   the	   same	   direction	   using	  
micropatterned	   surfaces	   and	   the	   Dunn	   chemotaxis	   chamber.	   The	   extent	   of	   this	   effect	  
depends	  on	  the	  adhesivity	  and	  the	  geometry	  of	  the	  contact	  guidance	  signals,	  since	  higher	  
impact	  was	  noted	  for	  cells	  on	  3x3	  lines	  printed	  with	  60	  µg/mL.	  Additionally,	  the	  fraction	  of	  
cells	  migrating	   into	  a	   chemotactic	   source	  was	  higher	  when	  contact	  guidance	   signals	  were	  
aligned	  with	  this	  source.	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4.5	  Discussion	  
	  
	   Chemotaxis	  of	  MDA-­‐MB-­‐231	  cells	  has	  been	  studied	  previously	  as	  evidence	  suggests	  
its	  importance	  during	  tumor	  growth	  and	  dissemination.	  SDF-­‐1α	  and	  EGF	  have	  been	  found	  to	  
induce	   chemotaxis	  on	  pancreatic,	  ovarian	  and	  breast	   cancer	   cells	   (Tian,	  2011,	  Normanno,	  
2006,	  Muller,	  2001).	   Interestingly,	   the	  results	  obtained	  using	  a	  Dunn	  chemotaxis	  chamber	  
did	  not	  show	  MDA-­‐MB-­‐231	  cells	  actively	  migrating	  towards	  higher	  concentrations	  of	  EGF	  or	  
SDF-­‐1α,	  but	  cell	   instantaneous	  speed	  was	  consistently	  increased	  in	  the	  same	  way	  in	  which	  
chemokinesis	   was	   demonstrated	   in	   chapter	   3.	   However,	   gradients	   of	   EGF	   delivered	   to	  
breast	  cancer	  cells	  using	  an	  agarose	  bead	  induced	  migration	  in	  the	  direction	  of	  chemotactic	  
source,	   as	   demonstrated	   quantitatively	   by	   the	   fraction	   of	   cells	   inside	   the	   bead	   after	   16	  
hours	  of	   incubation.	  These	  seemingly	  discrepancies	  across	  studies	  can	  be	  explained	  taking	  
into	   account	   the	   specific	   limitations	   of	   the	   assays	   used	   in	   previous	   reports	   to	   evaluate	  
chemotactic	  responses	  (mostly	  the	  Boyden	  chamber-­‐Sun,	  2005,	  Balkwill,	  2004),	  the	  nature	  
of	   the	  ECM	  proteins	  used	   (Fibronectin:	  Muller	  et	  al.,	   2001)	   and	   the	   specific	   experimental	  
conditions	  that	  preclude	  any	  rigorous	  comparison.	  Other	  authors	  have	  discussed	  the	  effects	  
of	   autocrine/paracrine	   factors	   that	   can	   interfere	   with	   the	   motility	   behavior	   during	  
chemotactic	   assays.	   In	   that	   regard,	   chemotaxis	   of	   MDA-­‐MB231	   cells	   has	   been	   recently	  
studied	   using	   microfluidic	   chambers	   that	   allow	   only	   exogenous	   factors	   to	   be	   supplied	  
constantly	   to	   the	  cells	   (Mosadegh,	  2008).	   Surprisingly,	   the	   results	  derived	   from	  this	   study	  
showed	   that	   the	   ability	   of	   SDF-­‐1α	   to	   induce	   chemotactic	   response	   is	   dependent	   on	   EGF	  
signaling.	  In	  the	  same	  way,	  gradients	  of	  EGF	  and	  SDF-­‐1α	  presented	  individually	  to	  MDA-­‐MB-­‐
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231	   did	   not	   induce	   chemotactic	   responses	   in	   3D	   collagen	   gels,	   but	   the	   presence	   of	   both	  
soluble	  factors	  modulated	  cell	  motility	  cooperatively	  (Kim,	  2013)	  
	   In	   the	   same	   way	   in	   which	   the	   later	   studies	   highlight	   the	   cooperative	   relation	  
between	  different	  soluble	  factors	  to	  regulate	  cell	  motility	  of	  breast	  cancer	  cells,	  the	  results	  
presented	   in	   this	   section	  demonstrate	   the	   synergy	  between	   contact	   guidance	   signals	   and	  
chemotactic	  gradients	  to	  drive	  invasion	  during	  tumor	  progression.	  	  While	  cells	  migrating	  on	  
3x3	  collagen	  lines	  and	  collagen	  fibrils	  on	  mica	  were	  only	  partially	  directional,	  the	  conjunct	  
action	  of	  EGF	  shows	  to	  be	  beneficial	  by	  increasing	  DI	  values	  on	  64%	  and	  49%	  respectively.	  
On	  the	  other	  hand,	  cells	  that	  are	  highly	  directional	  on	  3x10	  lines,	  enhance	  their	  migration	  
efficiency	   with	   a	   substantial	   increase	   in	   speed	   up	   to	   two	   times	   their	   original	   value.	   The	  
positive	  impact	  of	  adding	  EGF	  gradients	  in	  the	  direction	  of	  collagen	  and	  mica	  fibrils	  on	  cell	  
speed	  is	  consistently	  observed	  for	  all	  the	  conditions	  tested.	  Moreover,	  our	  results	  show	  that	  
competing	  EGF	  gradients	  cannot	  overcome	  the	  contact	  guidance	  response	  of	  breast	  cancer	  
cells,	  still	  the	  chemokines	  in	  environment	  affect	  the	  adhesive	  strength	  of	  the	  ECM-­‐cell	  bond,	  
and	  consequently	  cells	  move	  faster.	  These	  observations	  correlate	  with	  previous	  studies	  that	  
explored	   the	   behavior	   of	   HUVECs	   and	   fibroblasts	   in	   response	   to	   gradients	   and	   contact	  
guidance	   cues,	   in	   which	   the	   direction	   of	   cell	   movement	   was	   mainly	   determined	   by	   the	  
features	   of	   the	   ECM	   (Sundararaghavan,	   2013,	   Bromberek,	   2002).	   Chemotaxis	   appears	   to	  
dominate	  over	  contact	  guidance	  signals	  only	  in	  the	  context	  of	  immune	  response	  (Wilkinson,	  
1983),	  which	  might	  indicate	  that	  the	  contractile	  state	  of	  the	  cells	  is	  the	  defining	  factor	  in	  the	  
dominance	  of	  either	  one	  of	  these	  signals.	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Another	  aspect	  that	  can	  determine	  the	  dominance	  or	  synergy	  of	  multiple	  cues	  is	  the	  
way	   in	   which	   they	   are	   presented	   in	   time.	   After	   evaluating	   multicue	   migration	   using	   the	  
Dunn	  chemotaxis	  chamber,	  micropatterned	  surfaces	  and	  agarose	  beads	  were	  combined	  to	  
analyze	   cell	   migration	   and	   present	   signals	   simultaneously.	   The	   results	   show	   consistently	  
that	  chemotactic	  and	  contact	  guidance	  signals	  together	  drive	  the	  migration	  of	  MDA-­‐MB-­‐231	  
cells	   to	   specific	   targets.	   When	   these	   signals	   are	   orthogonal	   to	   each	   cells	   direct	   their	  
movement	  with	  respect	  to	  the	  collagen	  lines,	  which	  suggests	  that	  the	  dominance	  of	  contact	  
guidance	   cues	   does	   not	   depend	   on	   their	   temporal	   regulation.	   Migration	   parameters	  
obtained	  show	  that	  migration	  speed	   is	  not	  significantly	  enhanced,	  which	  can	  be	  discussed	  
taking	   into	  account	   the	  adhesivity	  of	   the	  substrate	  used	   for	  printing	   (6	  μg/mL).	  Results	   in	  
chapter	   3	   demonstrated	   that	   from	   the	   different	   types	   of	   ECM	   proteins	   used,	   6μg/mL	  
collagen	   I	   offered	   the	   adhesive	   strength	   for	   fastest	  migration.	   In	   that	   regard,	   EGF	   in	   the	  
environment	   does	   not	   influence	   further	   cell	   motility.	   Interestingly,	   directionality	   with	  
respect	   to	   the	   lines	  was	  higher	   for	  cells	  on	  3x3	  substrates,	  which	  again	  suggests	   that	  EGF	  
gradients	   aligned	   with	   contact	   guidance	   cues	   direct	   cells	   to	   specific	   targets.	   Moreover,	  
results	  obtained	  in	  this	  section	  show	  that	  while	  end-­‐point	  assays	  can	  be	  used	  successfully	  to	  
address	  chemotaxis,	  it	  is	  necessary	  to	  complement	  this	  information	  with	  live	  cell	  imaging	  to	  
understand	  the	  details	  of	  the	  migration	  mechanism.	  	   	  
To	   date,	   only	   a	   few	   studies	   have	   explored	   the	   concerted	   action	   of	   these	   types	   of	  
signals	   in	  a	  variety	  of	  physiological	   situations.	  The	  evidence	  presented	  here	  demonstrates	  
the	  positive	  effect	  of	  multiple	  signals	  in	  driving	  migration	  to	  a	  specific	  target,	  specifically	  in	  
the	  context	  of	  cancer	  metastasis	  and	  invasion.	  The	  comparison	  of	  our	  results	  with	  previous	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studies	  tentatively	  suggests	  that	  competition	  or	  synergy	  between	  multiple	  signals	  depends	  
on	   the	   contractile	   state	   of	   the	   cell	   and	   the	   specifics	   of	   the	   physiological	   situation	  
considered.	  Additionally,	   the	   results	  presented	  demonstrate	   that	   to	   invade,	  breast	   cancer	  
cells	  rely	  on	  multiple	  signals.	  More	  importantly,	  by	  studying	  how	  cells	  integrate	  these	  cues	  
we	   can	   uncover	   the	   mechanisms	   of	   metastasis	   and	   provide	   tools	   for	   diagnosis	   and	  
treatment.	  	  
	  
4.6	  Conclusions	  	  
	  
The	   involvement	   of	   growth	   factor	   signals	   and	   the	   features	   of	   the	   ECM	   during	  
migration	  add	  another	  dimension	  to	  migration	  studies	  in	  the	  context	  of	  cancer	  metastasis.	  	  
	  
• The	   methodology	   to	   fabricate	   multicue	   platforms	   that	   delivered	   contact	  
guidance	   and	   chemotactic	   signals	   with	   the	   flexibility	   to	   use	   a	   variety	   of	  
chemokines	  and	  ECM	  proteins	  was	  presented	  here.	  The	  platforms	  offer	  the	  
advantage	  to	  study	  cell	  migration	  through	  time-­‐lapse	  sequences	  that	  allows	  
quantifying	   cell	  migration	   parameters.	   Added	   value	   can	   be	   found	  with	   the	  
information	  derived	  from	  the	  end-­‐point	  assay	  performed	  here.	  	  
	  
• Chemotactic	  gradients	  of	  EGF	  and	  SDF-­‐1	  increase	  significantly	  cell	  migration	  
speed	   but	   their	  migration	   patterns	   did	   not	   show	   a	   strong	   influence	   of	   the	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gradient.	   However,	   when	   presented	   along	   micropatterned	   substrates,	   the	  
efficiency	  of	   cell	  migration	  was	  positively	   influenced	   in	  both	  cell	   speed	  and	  
directionality.	  	  
	  
	  
• The	   synergy	   between	   contact	   guidance	   and	   chemotaxis	  was	   demonstrated	  
by	   using	   2	   different	   platforms	   that	   presented	   multiple	   spatial-­‐temporal	  
arrangements.	  The	  dominance	  of	  contact	  guidance	  cues	  over	  chemotaxis	  was	  
exemplified	  by	  analyzing	  cell	  migration	  when	  these	  signals	  were	  orthogonal	  
to	  each	  other.	  Similar	  studies	  previously	  reported	  with	  other	  cell	   types	  hint	  
the	  effect	  of	  the	  contractile	  state	  of	  the	  cells	  to	  determine	  the	  dominance	  of	  
either	  signal.	  	  
	  
• While	   the	   overall	   efficiency	   of	   migration	   increases	   due	   to	   the	   concerted	  
action	  of	  chemotactic	  and	  contact	  guidance	  cues,	  migration	  parameters	  are	  
influenced	   individually.	   The	  extent	  of	   the	   synergistic	   effect	  depends	  mainly	  
on	  the	  features	  of	  the	  ECM	  (geometry,	  ECM	  protein).	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CHAPTER	  5	  
	  
ONGOING	  AND	  FUTURE	  WORK	  
	  
The	  work	  described	   in	  chapter	  3	  and	  chapter	  4	  showed	  that	  migratory	  behavior	  of	  
MDA-­‐MB231	   cells	   is	   largely	   dependent	   on	   both,	   chemotactic	   and	   contact	   guidance	   cues.	  
Also,	  the	  results	  obtained	  in	  chapter	  4	  demonstrate	  feasibility	  of	  the	  fabricated	  platforms	  to	  
deliver	  two	  types	  of	  signals	  simultaneously	  and	  the	  flexibility	  that	  allows	  testing	  of	  a	  variety	  
of	  conditions	  and	  arrangements.	  The	  interplay	  between	  contact	  guidance	  and	  chemotactic	  
cues	  studied	  with	  the	  platforms	  described	  previously	  constitutes	  an	  important	  contribution	  
to	   the	   current	   understanding	   of	   how	   cells	   integrate	   multiple	   cues	   to	   make	   migratory	  
decisions.	   In	   this	   chapter	   we	   will	   introduce	   other	   areas	   of	   study	   that	   can	   improve	   the	  
platforms	  considered,	  to	  explore	  further	  multicue	  directed	  migration.	  While	  not	  presented	  
here,	  some	  work	  related	  to	  the	  quantification	  of	  surface	  adhesivity	  was	  carried	  out,	  and	  the	  
details	  of	  the	  methodology	  are	  found	  in	  appendix	  A	  (Y.	  Hou,	  L.	  Lara	  Rodriguez,	  J.	  Wang	  and	  
I.	  Schneider.	  2014).	  Briefly,	  the	  assay	  allows	  the	  measurement	  of	  the	  adhesion	  of	  cells	  to	  a	  
surface	  by	  quantifying	  the	  fraction	  of	  cells	  that	  remain	  attached	  after	  centrifugation.	  Then,	  
the	  more	  adhesive	   the	   cell,	   the	  more	   likely	   it	   is	   to	   remain	  attached	  after	   impairing	   shear	  
stress.	  Other	  publications	  derived	  from	  collaborations	  within	  our	  research	  group	  can	  be	  also	  
be	  found	  in	  appendix	  B	  (Romsey,	  N.,	  Y.	  Hou,	  L.	  Lara	  Rodriguez,	  and	  I.	  Schneider.	  2013).	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5.1	  Fabrication	  of	  multi-­‐cue	  platform	  using	  microfluidic	  devices.	  
	  
Microfluidic	   platforms	   have	   revolutionized	   the	  way	   in	  which	   chemotaxis	   in	   cancer	  
cells	   is	   studied	   due	   to	   the	  multiple	   advantages	   that	   they	   offer.	   As	  mentioned	   chapter	   1,	  
chemical	  gradients	  at	  steady	  state	  can	  be	  maintained	  for	  long	  periods	  of	  time,	  which	  might	  
resemble	   the	   conditions	   present	   during	   the	   early	   stages	   of	   cancer	   invasion.	   Also,	  
microfluidic	   platforms	   allow	   the	   manipulation	   of	   conditions	   at	   the	   cellular	   or	   even	  
subcellular	   level,	   in	  a	  reliable,	  efficient	  and	  cost	  effective	  way.	   In	  that	  regard,	  we	  combine	  
microcontact	  printing	   techniques	  and	  microfluidic	  devices	   in	  a	   single,	   tunable	  platform	   to	  
use	  the	  quantitative	  measurements	  tools	  described	  in	  the	  previous	  chapters	  to	  analyze	  cell	  
migratory	  behavior.	  	  
Microcontact	   printing	   of	   line	   patterns	   was	   carried	   out	   as	   described	   in	   chapter	   3.	  
After	   incubation	  of	   the	  collagen	  solution	  of	   the	  PDMS	  stamp	  with	   line	  pattern,	   the	  stamp	  
was	  dried	  and	  inverted	  on	  a	  glutaraldehyde	  treated	  coverslip,	  allowing	  incubating	  for	  fifteen	  
minutes.	  During	   this	   time,	   the	   PDMS	  mold	  with	   the	  micro	   channel	   pattern	  was	   prepared	  
using	  soft	  lithography.	  After	  stamp	  incubation,	  both	  the	  coverslip	  and	  the	  PDMS	  with	  micro	  
channels	   were	   plasma	   etched	   using	   a	   plasma	   cleaner/sterilizer	   for	   2	   minutes.	   Then,	   the	  
stamp	   was	   removed	   from	   the	   coverslip,	   and	   the	   line	   features	   were	   inspected	   by	  
epifluorescence	  microscopy.	  To	  achieve	  irreversible	  bonding	  between	  these	  2	  surfaces,	  the	  
microfluidic	  device	  was	  inverted,	  so	  the	  microchannel	  pattern	  faced	  down	  and	  was	  placed	  
on	  the	  cover	  slip.	  Microfluidic	  channels	  were	  carefully	  aligned	  with	  the	  line	  patterns	  in	  the	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microscope.	   This	   assembly	   produced	   a	   system	  of	  microfluidic	   channels	  with	   line	   patterns	  
embedded.	  	  
Prior	   to	   each	   experiment,	  MDA-­‐MB-­‐231	   cells	  were	   serum	   depleted	   for	   two	   hours	  
changing	  normal	  DMEM	  for	  low-­‐serum	  DMEM.	  Then,	  cells	  were	  detached	  from	  the	  culture	  
dish	  surface	  using	  trypsin	  and	  re-­‐suspended	  at	  a	  density	  of	  800,000	  cells/mL	  in	  low	  serum	  
DMEM.	   Approximately	   50	   μL	   of	   cell	   suspension	   was	   loaded	   into	   the	   microfluidic	   device	  
through	  the	  outlet	  port	  using	  a	  micropipette	   tip.	  Cells	  were	  allowed	  to	  spread	  and	  attach	  
inside	  the	  microfluidic	  chamber	  for	  5	  hours	   inside	  a	  CO2	   incubator	  at	  37°C.A	  heated	  stage	  
was	  pre-­‐warmed	  to	  37°C	  and	  the	  microfluidic	  platform	  was	  placed	  on	  it.	  After	  inducing	  flow	  
in	  the	  chamber,	  time-­‐lapse	  images	  were	  taken	  every	  2	  minutes	  for	  up	  to	  eight	  hours.	  FITC	  
dextran	  was	  dissolved	  in	  low	  serum	  DMEM	  and	  infused	  through	  one	  of	  the	  inlet	  ports	  in	  the	  
device,	  to	  act	  as	  marker	  of	  the	  gradient	  generated	  inside	  the	  microfluidic	  channels.	  
Figure	  5.1	  shows	  the	  overlay	  of	  epifluorescent	  and	  phase	  contrast	  images	  obtained	  
from	  different	  multi-­‐cue	  platforms	  assembled	  for	  this	  study.	  Figure	  5.1	  (a)	  shows	  how	  our	  
approach	   is	   successful	   in	   generating	   embedded	  patterns	   inside	  microfluidic	   devices.	  Also,	  
due	  to	  the	  flexibility	  inherent	  to	  microcontact	  printing	  techniques,	  a	  variety	  of	  patterns	  can	  
be	  used	  to	  fabricate	  the	  platform.	   	  Figure	  5.1	  (b-­‐c)	  shows	  in	  detail	  the	  ability	  to	  use	  these	  
platforms	   to	  present	  gradients	  of	   soluble	  molecules	  along	  with	   contact	  guidance	  cues.	  As	  
detailed	  in	  chapter	  3,	  collagen	  lines	  can	  be	  observed	  due	  to	  the	  alexa-­‐555	  labeled	  collagen	  
added	   in	  the	  collagen	  solution	  used	  for	  patterning	  (red).	   	  The	  chemotactic	  gradient	   in	  the	  
channels	   can	   be	   observed	   by	   doping	   in	   FITC	   dextran	   (green).	   Additionally,	   the	   flexibility	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provided	  by	  the	  fabrication	  method	  allows	  presenting	  contact	  guidance	  signals	  either	  in	  the	  
same	  direction	  or	  orthogonally	  to	  chemotactic	  gradients.	  	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	  5.1:	  Multi-­‐cue	  platforms	  fabricated	  to	  generate	  contact	  guidance	  and	  chemotactic	  
signals.	   (a)	   Micrographs	   show	   patterns	   with	   different	   line	   width	   and	   spacing	  
embedded	   inside	   the	   channels	   of	   a	   microfluidic	   device.	   The	   solution	   used	   for	  
printing	   contains	   fluorescently	   labeled	   ALEXA-­‐555	   collagen;	   collagen	   lines	   are	  
seen	  in	  red.	  (b)	  The	  intensity	  of	  the	  fluorescent	  dye	  in	  the	  FITC	  dextran	  marks	  the	  
gradient	   of	   soluble	   molecules	   (Green).	   	   (d)	  Overlay	   of	   channels	   show	   contact	  
guidance	  and	  chemotactic	  cues	  simultaneously.	  
	  
	  
a 
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Figure	  5.2	  (a)	  and	  (c)	  show	  two	  examples	  of	  platforms	  with	  different	  arrangement	  of	  
collagen	  lines	  and	  gradients	  of	  soluble	  molecules.	  Also,	  as	  the	  steepness	  of	  the	  gradient	  is	  
specific	  to	  the	  location	  inside	  the	  microchannel,	  cells	  can	  be	  under	  the	  influence	  of	  multiple	  
signals	  with	  a	  range	  of	  intensities,	  depending	  on	  the	  specific	  arrangement	  used	  (Figure	  5.2	  
(b),	  (d)).	  
	  
	  
	  
	  
	  
	  	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	  5.2:	  Multi-­‐cue	  platforms	  with	  contact	  guidance	  and	  chemotactic	  signals	  aligned	  and	  
orthogonal.	  (a)	  Chemotactic	  gradients	  and	  contact	  guidance	  signals	  are	  aligned.	  
(b)	   Cells	   are	   under	   the	   influence	   of	   uniform	   contact	   guidance	   signals,	   but	   the	  
steepness	   of	   the	   gradient	   depends	   on	   the	   location	   inside	   the	   microfluidic	  
channel.	   (c)	   Chemical	   gradients	   are	   arranged	   perpendicularly	   to	   collagen	   lines.	  
(d)	   Cells	   sense	   different	   cues	  with	   variable	   intensity	   as	   the	   conditions	   through	  
the	  channel	  are	  non-­‐uniform.	  FITC	  dextran	  (Green)	  Collagen	  lines	  (Red)	  
	  
d	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b	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Figure	   5.3	   presents	   the	  micrographs	   of	  MDA-­‐MB-­‐231	   cells	   inside	   the	   channel	   of	   a	  
microfluidic	   device	   embedded	   with	   line	   patterns	   and	   a	   chemotactic	   gradient	   of	   EGF	  
[10ng/mL]	  induced	  by	  a	  flow	  rate	  of	  0.02	  and	  0.05	  µl/min.	  In	  particular,	  figure	  5.3	  (a)	  and	  (b)	  
exemplifies	   cells	   under	   the	   influence	  of	   signals	   that	   are	   perpendicular	   or	   parallel	   to	   each	  
other.	   Breast	   cancer	   cells	   are	   strongly	   influenced	   by	   the	   morphology	   of	   the	   contact	  
guidance	   signals	   in	   the	   environment,	   since	   they	   are	   primarily	   elongated	   on	   the	   collagen	  
lines	  distributed	  throughout	  the	  channel.	   In	  the	  same	  way,	  figure	  5.3	  (c)	  and	  5.3	  (d)	  show	  
perpendicular	  or	  parallel	  configurations	  of	  the	  signals,	  but	  the	  steepness	  of	  the	  gradient	  is	  
higher	  due	  to	  the	  increased	  flow	  rate	  (0.05	  µl/min).	  
	  
Different	   studies	   on	   chemotaxis	   have	   demonstrated	   the	   role	   of	   variables	   like	  
gradient	  steepness,	  shape	  and	  average	  concentration	  in	  controlling	  migratory	  responses	  of	  
cancer	   cells	   (AnandApte	   and	   Zetter,	   1997;	   Girard	   et	   al.,	   2007;	  Wang	   et	   al.,	   2004).	  More	  
importantly,	   since	   we	   intend	   to	   characterize	   rigorously	   the	   interplay	   between	   contact	  
guidance	   and	   chemotactic	   signals,	   it	   is	   necessary	   to	   generate	   a	   variety	   of	   conditions	   to	  
analyze	   if	   responses	   like	   addition	  or	   competition	  depend	  on	   the	   specific	   features	  of	   each	  
cue.	   Therefore,	   to	   test	   the	   flexibility	   of	   our	   platform	   to	   deliver	   gradients	   with	   different	  
characteristics,	  calculations	  of	  the	  relative	  gradient	  across	  the	  cell	  body	  will	  be	  considered.	  
Equation	   1	   describes	   the	   expression	   used	   to	   calculate	   this	   parameter,	   in	   which	   C	  
corresponds	  to	  local	  concentration	  at	  the	  front	  and	  back	  of	  the	  cell.	  
	  
	   ! 𝑑𝐶𝑑𝑦𝐶 ! ∗ 𝑐𝑒𝑙𝑙  𝑙𝑒𝑛𝑔𝑡ℎ = 𝑃𝑒𝑟𝑐𝑒𝑛𝑡  𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒  𝐺𝑟𝑎𝑑𝑖𝑒𝑛𝑡  (𝑅𝐺)                    (1) 
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Figure	   5.3:	   Relative	   gradients	   vary	   as	   flow	   conditions	   and	   arrangement	   of	   the	  
platform	   change.	   	   (a)	   Contact	   guidance	   and	   chemotactic	   gradients	   are	  
perpendicular	   to	   each	  other	   and	   flow	   rate	   is	   0.02	  µL/min.(b)	  For	   the	   same	  
flow	  rate,	  but	  when	  signals	  are	  aligned,	  a	  small	   increase	  in	  relative	  gradient	  
across	   the	   cells	   in	   the	   inlet	   can	   be	   noted.	   (c)	   Signals	   are	   perpendicular	   to	  
each	  other,	  but	  flow	  rate	  is	  0.05	  µL/min	  (d)	  Relative	  gradients	  up	  to	  90%	  
 
 
 
 
a 
b 
c 
d 
RG=10.
3 
RG=17.
93 
RG=14.
3 
RG=93.
4 
154	  
 
 
The	   relative	   gradient	   across	   the	   cell	   body	   can	   be	   manipulated	   by	   modifying	   the	  
alignment	   of	   contact	   guidance	   cues,	   cell	   position	   and	   flow	   conditions	   inside	   the	  
microchannels.	  Gradients	  generated	  by	  0.02	  and	  0.05	  μl/min	  and	  the	  specific	  alignment	  of	  
the	  signals	  in	  the	  microfluidic	  device	  were	  considered.	  The	  relative	  gradient	  values	  obtained	  
for	   each	   condition	   tested	   are	   shown	   in	   table	   1.	   Interestingly,	   the	   platform	   can	   generate	  
gradients	   across	   the	   cell	   as	   shallow	  as	   10%.	   By	  modifying	   flow	   conditions	   and	   alignment,	  
steepness	   up	   to	   90%	   can	   also	   be	   generated	   (Figure	   5.3	   (d)).	   This	   specific	   feature	   of	   the	  
platform	   will	   allow	   us	   to	   investigate	   how	   susceptible	   are	   cancer	   cells	   to	   changes	   in	   the	  
spatial	  and	  temporal	  arrangement	  of	  contact	  guidance	  and	  chemotactic	  signals.	  Moreover,	  
a	   systematic	   approach	   can	   be	   taken	   to	   assess	   if	   the	   interactions	   between	   these	   signals	  
change	  depending	  on	  the	  local	  intensity	  of	  the	  signal	  or	  over	  different	  time	  scales.	  	  
	  
Table	  1.	  Relative	  gradient	  values	  inside	  microfluidic	  chambers.	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Flow Rate [µl/min] Orientation Relative Gradient 
[%] 
0.02 Aligned 17.9 
0.02 Orthogonal 10.3 
0.05 Aligned 93.4 
0.05 Orthogonal 14.3 
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5.2	  Prospects	  of	  multi-­‐cue	  cell	  migration	  in	  3D	  
	  
Over	   the	   past	   few	   decades,	   a	   significant	   amount	   of	  work	   has	   been	   carried	   out	   to	  
understand	   the	   underlying	   mechanisms	   that	   control	   cell	   migration	   on	   two-­‐dimensional	  
substrates	   (Biela	  et	   al.,	   2009;	  Dickinson	  and	  Tranquillo,	   1993;	  Peyton	  and	  Putnam,	  2005).	  	  
Although	   these	   studies	   have	   contributed	   enormously	   to	   our	   knowledge	   of	   these	  
phenomena	   and	   continue	   to	   be	   a	   valuable	   tool	   in	   this	   research	   field,	   there	   is	   growing	  
recognition	  that	  2D	  environments	  cannot	  capture	  all	  the	  aspects	  of	  an	  in	  vivo	  environment	  
(Cukierman	  et	  al.,	  2001;	  Guillame-­‐Gentil	  et	  al.;	  Petrie	  et	  al.;	  Provenzano	  et	  al.,	  2009).	  Recent	  
evidence	  has	  shown	  that	  processes	  involved	  with	  cell	  migration	  can	  be	  very	  different	  in	  3D	  
(Cukierman	  et	  al.,	  2001).	  As	  such,	  physical	  and	  chemical	  properties	  of	  the	  environment	  can	  
change	  significantly	  in	  a	  tree	  dimensional	  setting.	  In	  that	  regard,	  our	  next	  challenge	  consists	  
in	   developing	   methodologies	   to	   create	   contact	   guidance	   and	   chemotactic	   signals	   in	   3D	  
environments,	   and	   to	   address	   the	  way	   in	  which	   these	   technologies	   can	   be	   integrated	   to	  
generate	  a	  multi-­‐cue	  platform	  in	  3D.	  	  
Figure	  5.4	  presents	  phase	  contrast	  micrographs	  of	  MDA-­‐MB-­‐231	  cells	  in	  either	  1	  or	  2	  
mg/mL	   gel.	   The	   protrusive	   extensions	   observed	   during	   time-­‐lapse	   sequences	   account	   for	  
the	  ability	  of	  cells	  to	  migrate	  in	  this	  matrix,	  thus	  highlighting	  the	  feasibility	  of	  this	  approach	  
to	  study	  cell	  migration	  of	  MDA-­‐MB-­‐231	  cells.	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Figure	  5.4	   	  Phase	  contrast	  images	  of	  MDA-­‐MB231	  cells	   in	  3D	  collagen	  gels.	  Figure	  
(a)	  and	   (b)	   correspond	   to	   cells	   encased	   in	   a	   1mg/mL	   gel	   after	   2	   and	   6	   days	   respectively.	  
Protrusive	  extensions	  account	  for	  the	  feasibility	  of	  this	  technique	  to	  study	  cell	  migration	  in	  
3D.	  Figure	   (c)	  and	   (d)	   show	  cells	   in	  a	  2mg/mL	  gel	  after	  4	  and	  6	  days.	  Thus,	   cell	  migration	  
studies	  can	  be	  carried	  out	  for	  longer	  periods	  of	  time	  (days	  instead	  of	  hours).	  
	  
	  
Contact	  guidance	  cues	  will	  be	  generated	  in	  3D	  by	  using	  the	  methodology	  described	  
by	  Guo	  et.	  al	  (Guo	  and	  Kaufman,	  2007),	  in	  which	  collagen	  fibrils	  are	  embedded	  in	  a	  collagen	  
gel,	  by	  using	  magnetic	  bead	  alignment.	  Figure	  5.5	  shows	  the	  phase	  contrast	  micrographs	  of	  
collagen	  gels	  of	  2mg/mL	  with	  collagen	  fibrils	  that	  were	  generated	  by	  the	  conjunct	  action	  of	  
flow	  inside	  the	  microchannels	  and	  the	  effect	  of	  magnetic	  field	  alignment.	  	  Moreover,	  figure	  
5.5	   (c)	   shows	   the	   gradient	   of	   FITC	   dextran	   induced	  when	   flow	   rates	   of	   0.03	   ul/min	  were	  
used,	   thus	   exemplifying	   the	   ability	   of	   this	   approach	   to	   generate	   chemical	   gradient	   along	  
with	  contact	  guidance	  cues.	  Further	  studies	  in	  this	  area	  need	  to	  be	  carried	  out,	  in	  order	  to	  
characterize	   cell	   migration	   in	   3D.	  While	   these	   experiments	   will	   constitute	   an	   advance	   in	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cancer	  cell	  migration	  in	  an	  environment	  that	  mimics	  the	  architecture	  of	  tissue	  in	  the	  tumor	  
stroma,	  there	  are	  many	  challenges	  associated.	  For	  instance,	  tools	  to	  quantify	  cell	  migration	  
need	  to	  be	  adjusted	  in	  order	  to	  account	  for	  the	  inclusion	  of	  a	  third	  dimension.	  Additionally,	  
more	   advanced	   tools	   for	   imaging	   might	   be	   required	   to	   characterize	   tissue	   remodeling,	  
matrix	  proteolysis	  and	  other	  phenomena	  relevant	  in	  3D.	  	  	  	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	  5.5.	  Multicue	  platform	  in	  3D.	  (a)	  Collagen	  gels	  [1	  mg/mL]	  with	  fibrils	  
aligned	   due	   to	   the	   action	   of	   magnetic	   beads	   in	   the	   solution	   [0.025	   ug/ml]	   (b)	  
Collagen	  gels	  [1.5	  mg/mL]	  the	  orientation	  of	  the	  fibrils	  depends	  on	  the	  orientation	  of	  
the	  magnet	  during	  the	  incubation	  period.	  (c)	  Collagen	  gels	  with	  fibrils	  inside	  a	  ladder	  
microfluidic	   device	   (d)	   FITC	   dextran	   fluorescence	   account	   for	   the	   ability	   of	   the	  
platform	  to	  generate	  gradients	  along	  with	  contact	  guidance	  cues	  in	  3D.	  
	  
a b 
c d 
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5.3	  Conclusions	  
	  
We	  have	  presented	  here	  the	  details	  of	  the	  design	  and	  fabrication	  of	  a	  novel	  platform	  
to	  study	  multicue-­‐directed	  migration.	   	  The	  flexibility	  of	  the	  platform	  was	  demonstrated	  by	  
its	  ability	  to	  generate	  gradients	  with	  different	  shapes	  and	  steepness	  and	  the	  way	  in	  which	  
we	  can	  control	  the	  gradients	  generated	  by	  tuning	  flow	  rate	  and	  the	  organization	  of	  signals	  
in	   the	  platform.	  Cell	  migration	   studies	   in	  which	   contact	   guidance	  and	  chemotactic	   signals	  
are	  presented	  simultaneously	  to	  breast	  cancer	  cells	  can	  be	  performed	  in	  the	  future,	  and	  the	  
responses	   elicited	   can	  be	   analyzed	  quantitatively.	   This	  will	   allow	   characterizing	   rigorously	  
the	   specific	   role	   of	   each	   signal	   and	   the	   way	   in	   which	   breast	   cancer	   cells	   integrate	  
environmental	  information	  to	  migrate.	  	  Moreover,	  the	  platforms	  can	  be	  adapted	  to	  present	  
signals	   in	   3D	   environments.	   Collagen	   fibrils	   inside	   collagen	   gels	   can	   be	   assembled	   using	  
magnetic	  alignment,	  while	  diffusive	  gradients	  can	  also	  be	  induced	  in	  these	  gels.	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CHAPTER	  6	  	  
	  
CONCLUSIONS	  
	  
	  
6.1	  Relevance	  of	  multicue	  sensing	  in	  metastatic	  invasion	  	  
	  
In	  spite	  of	  its	  essential	  role	  during	  a	  variety	  of	  physiological	  events,	  multicue	  sensing	  
of	   cell	   behavior	   has	   only	   started	   to	   gain	   attention	   in	   the	   research	   field.	   The	   challenges	  
associated	  with	  these	  types	  of	  studies	  can	  now	  be	  addressed	  due	  to	  the	  advances	  in	  micro	  
and	   nano	   fabrication	   technologies	   and	   the	   equivalent	   development	   of	   microscopy	   tools.	  
Until	   now,	   multiple	   studies	   have	   contributed	   to	   characterize	   and	   understand	   the	  
mechanism	  in	  which	  cancer	  cells	  rely	  to	  invade	  and	  metastasize.	  A	  vast	  amount	  of	  work	  in	  
this	   area	   suggests	   that	   contact	   guidance	   and	   chemotaxis	   are	   the	  mechanisms	  of	   directed	  
migration	   that	   drive	   local	   invasion	  during	   the	   first	   stages	  of	   cancer	  metastasis.	  While	   the	  
details	  of	  each	  of	  these	  migration	  modes	  have	  been	  extensively	  reviewed,	  it	  is	  imperative	  to	  
study	   the	   relation	   that	  multiple	   signals	  establish	   to	   regulate	   the	  highly	  efficient	  migration	  
that	  cancer	  cells	  show	  during	  metastasis.	  	  
For	  this	  purpose,	  our	  work	  presents	  advances	  in	  multicue	  sensing	  in	  the	  context	  of	  
cancer	  metastasis.	  Initially,	  we	  use	  microfabrication	  techniques	  that	  are	  highly	  reproducible	  
and	  controllable	  to	  generate	  contact	  guidance	  signals	  and	  analyze	  extensively	  the	  effect	  of	  
ECM	   organization,	   composition	   and	   adhesive	   strength	   on	   the	   migration	   of	   a	   highly	  
metastatic	  cell	   line.	   In	  the	  same	  way,	  chemotactic	  responses	  are	  evaluated	  with	  the	  Dunn	  
chemotaxis	   chambers	   and	   an	   agarose	   sphere	   assay.	   After	   characterizing	   cell	   response	   to	  
each	   signal	   individually,	   multicue	   platforms	   were	   assembled	   by	   combining	   these	   two	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systems.	   The	   methodology	   developed	   provides	   the	   elements	   to	   draw	   quantitative	   and	  
qualitative	  observations,	  since	   it	   is	  of	  great	   importance	  to	  assess	  numerically	  whether	  the	  
cues	   in	   the	   environment	   cooperate,	   compete	   or	   establish	   a	   synergistic	   relationship.	  
Ultimately,	   the	   approach	   developed	   in	   this	   work	   aims	   to	   address	   the	   heterogeneity	   of	  
tumor	  microenvironment	  which	  can	  be	  the	  key	  to	  develop	  strategies	  to	  diagnose	  and	  treat	  
successfully	  cancer	  metastasis.	  	  
	  
6.2	  Promigratory	  factors	  and	  contractility	  inhibitors	  regulate	  the	  efficiency	  of	  cell	  
migration	  	  
	  
	  
Contact	   guidance	  migration	   of	  MDA-­‐MB-­‐231	   cells	  was	   quantitatively	   evaluated	   by	  
cell	  speed	  and	  directionality,	  and	  the	  results	  show	  that	  the	  response	  is	  highly	  depended	  on	  
the	   adhesivity	   of	   the	   substrate.	   Cells	   on	   highly	   adhesive	   substrates	   exhibit	   an	   inverse	  
relation	  between	  cell	  speed	  and	  directionality.	  In	  general,	  contact	  guidance	  fidelity	  is	  higher	  
on	   widely	   space	   lines,	   and	   this	   correlates	   with	   actin	   networks	   and	   FAs	   that	   are	   better	  
aligned	  with	  respect	  to	  micropatterned	  signals	  as	  line	  spacing	  increases.	  	  
External	   and	   internal	   perturbations	   were	   added	   to	   the	   contact	   guidance	   field	   to	  
evaluate	  their	  effect.	  Uniform	  doses	  of	  EGF	  and	  SDF-­‐1α stimulated	  cells	   to	  migrate	   faster,	  
but	   their	   directionality	   is	   significantly	   impaired.	   Also,	   cells	   were	  more	   spread	   due	   to	   the	  
action	   of	   these	   promigratory	   factors,	   which	   suggests	   that	   their	   addition	   regulates	   the	  
strength	  of	  the	  adhesive	  bond	  with	  the	  ECM,	  which	  ultimately	  leads	  to	  increased	  cell	  speed.	  
However,	   directionality	   is	   impaired	   since	   alignment	  with	   respect	   to	   the	   contact	   guidance	  
cues	  is	  diminished	  and	  actin	  networks	  and	  FAs	  are	  not	  co-­‐localized	  with	  collagen	  lines.	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Low	  doses	  of	  blebbistatin	  were	  also	  added	  to	  cells	  on	  contact	  guidance	  signals.	  In	  a	  
similar	  way	  to	  the	  effect	  of	  soluble	  factors,	  directionality	   is	  negatively	   impacted.	   It	  can	  be	  
inferred	  that	  a	  cell’s	  ability	  to	  generate	  and	  transmit	  force	  is	  essential	  for	  the	  realignment	  of	  
actin	   cytoskeleton	  and	  FAs	   that	   can	  bias	  movement	   in	   the	  direction	  of	   lines.	  Contractility	  
seems	  to	  regulate	  cell	  speed	  differently,	  since	   it	  can	  be	  higher	  or	   lower	  depending	  on	  the	  
adhesivity	  of	  the	  substrate.	  Compared	  to	  the	  results	  obtained	  for	  similar	  experiments	  with	  
MTLn3	  cells	  on	  collagen	  lines,	  we	  see	  how	  the	  effect	  of	  myosin	  II	  inhibition	  on	  cell	  speed	  is	  
different	  perhaps	  due	  to	  the	  intrinsic	  contractility	  of	  the	  cell,	  being	  much	  higher	  for	  human	  
breast	  cancer	  cells.	  	  Interestingly,	  although	  these	  two	  types	  of	  perturbations	  are	  thought	  to	  
regulate	  migration	   through	  different	  pathways,	   they	  appear	   to	  be	   related	  at	   some	  extent	  
since	   they	   impair	   directionality.	  More	   studies	   in	   this	   area	  will	   be	   needed	   in	   the	   future	   in	  
order	  to	  understand	  the	  details	  of	  these	  signals	  that	  can	  also	  be	  relevant	  during	  cancer	  cell	  
migration.	  	  
	  
6.3	  The	  synergy	  of	  contact	  guidance	  signals	  and	  chemotaxis	  drives	  invasion	  
	  
	  
As	   stated	   previously,	   the	   main	   interest	   of	   the	   work	   described	   here	   is	   to	   address	  
cancer	   cell	   migration	   under	   the	   influence	   of	   multiple	   environmental	   signals.	   The	  
methodology	   developed	   presents	   multiple	   advantages	   for	   this	   purpose:	   the	   flexibility	   of	  
different	   ECM	   proteins	   with	   highly	   controllable	   geometries,	   composition	   and	   adhesive	  
strength.	  Additionally,	  to	  evaluate	  the	  interaction	  between	  the	  signals	  presented	  to	  cancer	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cells,	   chemotactic	   gradients	   can	   be	   co-­‐localized	   or	   orthogonally	   presented	   with	   contact	  
guidance	  cues.	  	  
Chemotaxis	   induced	   using	   the	   Dunn	   chamber	   showed	   that	   gradients	   have	   a	   mild	  
effect	   on	   the	   directional	   migration	   of	   cells,	   but	   they	   significantly	   increase	   their	   speed.	  
However,	   end-­‐point	   assays	   carried	   out	   with	   the	   agarose	   sphere	   demonstrated	   that	   cells	  
migrate	  directionally	  towards	  sources	  of	  EGF.	  The	  synergy	  between	  contact	  guidance	  signals	  
and	  chemotactic	  gradients	  is	  exemplified	  by	  the	  positive	  impact	  on	  speed	  and	  directionality	  
once	  these	  cues	  are	  presented	  to	  cells	  in	  the	  same	  direction.	  In	  the	  same	  way,	  the	  fraction	  
of	   cells	   entering	   the	   agarose	   sphere	   is	   significantly	   higher	   when	   both	   chemotactic	   and	  
contact	  guidance	  fields	  are	  aligned.	  Cells	  do	  not	  modify	  their	  trajectories	  to	  migrate	  towards	  
competing	  gradients	  of	  EGF	  nor	  they	  migrate	  into	  the	  agarose	  bead	  when	  they	  are	  already	  
following	  the	  direction	  imposed	  by	  collagen	  lines.	  Therefore,	  chemotactic	  gradients	  cannot	  
compete	  with	  contact	  guidance	  signals	  for	  MDA-­‐MB-­‐231	  cells,	  which	  can	  be	  related	  to	  their	  
intrinsic	   contractility	   and	   their	  mesenchymal	  mode	  of	  migration	   in	  which	   the	   interactions	  
with	  the	  ECM	  are	  relevant.	  	  
The	  dominance	  of	  contact	  guidance	  cues	  does	  not	  depend	  on	  the	  way	  these	  signals	  
are	  presented	   in	  time.	  Platforms	  assembled	  with	  agarose	  spheres	  can	  deliver	  both	  signals	  
since	   the	  beginning	  of	   incubation	   time,	  and	  even	   in	   this	   scenario,	   contact	  guidance	   is	   the	  
main	  signal	  regulating	  cell	  movement.	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6.4	  Future	  directions	  
The	   platforms	   and	  methodology	   described	   can	   be	   improved	   by	   using	  microfluidic	  
devices	  to	  present	  chemotactic	  signals.	  Initial	  work	  in	  this	  area	  has	  described	  the	  procedure	  
to	  fabricate	  the	  multicue	  platform.	  Additionally,	  the	  prospects	  of	  migration	  in	  3D	  have	  been	  
explored,	   and	   some	   work	   in	   this	   regards	   shows	   that	   chemotactic	   and	   contact	   guidance	  
signals	  can	  also	  be	  induced	  in	  3D.	  Motivated	  by	  the	  results	  obtained,	  it	  would	  be	  interesting	  
to	  evaluate	   the	  effect	  of	  contractility	   inhibitors	  on	   the	  migratory	  behavior	  of	  cell	   in	   these	  
environments.	   More	   detailed	   studies	   are	   necessary	   to	   uncover	   the	   specific	   signaling	  
pathways	   in	   which	   cells	   rely	   on	   to	   trigger	   the	   responses	   observed.	   Ultimately,	   this	   work	  
extends	  the	  scope	  of	  cell	  migration	  studies,	  with	  the	  ultimate	  goal	  of	  impacting	  medicine	  in	  
areas	  like	  diagnostics	  and	  therapeutic	  tools	  in	  the	  context	  of	  cancer	  metastasis.	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Abstract:	  	  
Cell	  migration	   is	   an	   important	   biological	   function	   that	   impacts	  many	   physiological	  
and	  pathological	   processes.	  Often	  migration	   is	   directed	   along	   various	  densities	   of	   aligned	  
fibers	   of	   collagen,	   a	   process	   called	   contact	   guidance.	   However,	   cells	   adhere	   to	   other	  
components	   in	   the	   extracellular	   matrix,	   possibly	   affecting	   migrational	   behavior.	  
Additionally,	   changes	   in	   intracellular	   contractility	   are	   well	   known	   to	   affect	   random	  
migration,	  but	  its	  effect	  on	  contact	  guidance	  is	  less	  known.	  This	  study	  examines	  differences	  
in	   directed	   migration	   in	   response	   to	   variations	   in	   the	   spacing	   of	   collagen,	   non-­‐specific	  
background	   adhesion	   strength	   and	   myosin	   II-­‐mediated	   contractility.	   Collagen	   was	  
microcontact	  printed	  onto	  glass	  substrates	  and	  timelapse	  live-­‐cell	  microscopy	  was	  used	  to	  
measure	   migration	   characteristics.	   Increasing	   the	   number	   of	   lines	   a	   cell	   contacts	   or	  
decreasing	  contraction	   led	   to	  decreases	   in	  directionality,	  but	  speed	  changes	  were	  context	  
dependent.	   This	   suggests	   that	   while	   cell	   migration	   speed	   is	   a	   biphasic	   function	   of	  
contractility,	  directionality	  appears	   to	  be	  a	  monotonic,	   increasing	   function	  of	  contractility.	  
Thus,	  increasing	  the	  number	  of	  lines	  a	  cell	  contacts	  or	  decreasing	  contractility	  degrades	  the	  
contact	  guidance	  fidelity.	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Introduction:	  	  
Cell	  migration	   is	   an	   important	   cell	   behavior	   that	   regulates	   numerous	  physiological	  
and	  pathological	  processes	  such	  as	  cancer	  metastasis	  (Friedl	  and	  Gilmour,	  2009),	  but	  it	  also	  
guides	  the	  dissemination	  of	  cells	  in	  tissue	  engineered	  constructs	  (Lutolf	  and	  Hubbell,	  2005).	  
Insight	   into	   how	   cell	   migration	   is	   regulated	   in	   these	   environments	   will	   not	   only	   lead	   to	  
therapeutic	   approaches	   to	   enhance	   or	   slow	   down	   migration	   during	   these	   biological	  
processes,	  but	  also	  will	   inform	  models	  to	  predict	  migration	  behavior	  from	  static	   images	  of	  
tissue	  biopsies	  (Anderson	  et	  al.,	  2006)	  or	  will	  guide	  the	  design	  of	  artificial	  tissues	  (Lutolf	  and	  
Hubbell,	   2005).	   In	   order	   to	   achieve	   these	   goals	   cell	   migration	   behavior	   must	   be	  
quantitatively	  characterized	  under	  different	  environmental	  conditions.	  	  
Cells	   migrate	   by	   extending	   protrusions	   forward.	   These	   protrusions	   adhere	   to	   the	  
surrounding	   extracellular	   matrix	   (ECM)	   through	   receptors	   or	   other	   non-­‐specific	   charge-­‐
based	  interactions.	  Integrins	  constitute	  one	  large	  family	  of	  receptors,	  which	  bind	  specifically	  
to	  ECM	  proteins	  such	  as	  fibronectin,	  laminin	  and	  collagens.	  However,	  cell	  adhesion	  can	  also	  
be	   made	   through	   non-­‐specific	   interactions	   between	   charged	   ligands	   and	   surface	  
proteoglycans	   or	   other	   receptors	   (Mager	   et	   al.,	   2011;	  Massia	   and	   Hubbell,	   1992).	  While	  
these	  charge-­‐based	  interactions	  can	  cooperate	  to	  adhere	  new	  protrusions	  to	  the	  substrate,	  
they	   lack	   in	   the	   ability	   to	   form	   focal	   adhesions	   (FAs)	   (Lehnert	   et	   al.,	   2004;	   Massia	   and	  
Hubbell,	  1992).	  On	  the	  other	  hand,	  integrin	  interactions	  with	  ECM	  readily	  form	  FAs	  that	  can	  
be	  attached	  to	  the	  actin	  cytoskeleton	  for	  structural	  support	  and	  can	  engage	  in	  intracellular	  
signaling	   that	   can	   drive	   continued	   protrusion	   (Nayal	   et	   al.,	   2006;	   Zaidel-­‐Bar	   et	   al.,	   2003).	  
After	  initial	  adhesion,	  contraction	  acts	  to	  both	  strengthen	  adhesion	  in	  the	  front	  and	  pull	  the	  
rear	  of	  the	  cell	  up	  in	  the	  back,	  leading	  to	  translocation	  of	  the	  cell	  forward	  (Schneider	  et	  al.,	  
2009;	   Totsukawa	   et	   al.,	   2000;	   Worthylake	   et	   al.,	   2001).	   Consequently,	   adhesion	   and	  
contraction	  are	  intimately	  coupled	  and	  represent	  two	  sides	  of	  the	  same	  coin	  (Parsons	  et	  al.,	  
2010).	  One	  example	  of	  this	   is	  random	  migration	  on	  highly	  adhesive	  substrates.	  At	  optimal	  
migrational	   speeds,	   changing	   either	   adhesion,	   contractility,	   matrix	   stiffness	   can	   lead	   to	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decreased	  cell	  migration	  speed,	  resulting	  in	  a	  biphasic	  response	  (Dimilla	  et	  al.,	  1991;	  Gupton	  
and	  Waterman-­‐Storer,	  2006;	  Peyton	  and	  Putnam,	  2005;	  Zaman	  et	  al.,	  2006).	  
In	   vivo	  migration	   is	   not	   random,	   but	   often	   times	   directed	   by	   extracellular	   cues	   such	   as	  
aligned	   collagen	   fibers.	   For	   instance,	   metastatic	   carcinoma	   cells	   translate	   along	   collagen	  
fibers	  as	  they	  exit	  the	  tumor	  (Provenzano	  et	  al.,	  2008a;	  Sahai	  et	  al.,	  2005;	  Wolf	  et	  al.,	  2003).	  
This	  migration	  behavior	   is	   called	  contact	  guidance	   (Dunn	  and	  Heath,	  1976).	   If	   the	  contact	  
guidance	  cue	  is	  weak,	  cell	  migration	  is	  only	  weakly	  biased	  and	  not	  all	  migration	  steps	  are	  in	  
the	   direction	   of	   the	   cue.	   If	   the	   contact	   guidance	   cue	   is	   strong,	   cell	   migration	   is	   strongly	  
biased	  and	  most	  or	  all	  steps	  are	  in	  the	  direction	  of	  the	  cue.	  Early	  in	  the	  development	  of	  the	  
tumor,	   collagen	   is	   organized	   circumferentially	   around	   the	   tumor	   mass.	   During	   tumor	  
progression,	  these	  collagen	  fibers	  are	  reorganized	  by	  surrounding	  stromal	  cells	  resulting	  in	  
large	   fiber	   bundles	   that	   extend	   radially	   from	   the	   tumor	   mass.	   This	   new	   collagen	   fiber	  
morphology	  can	  then	  direct	  migration	  of	  cells	  out	  of	   the	  tumor	  (Provenzano	  et	  al.,	  2006).	  
While	   protease	   activity	   and	   fiber	   reorganization	   are	   both	   vital	   to	   the	   overall	   process	   of	  
invasion	  and	  metastasis,	  protease	  activity	  seems	  to	  be	  most	   important	  during	  penetration	  
through	  the	  basement	  membrane	  during	  initial	  exit	  out	  of	  the	  epithelial	  tissue	  or	  entrance	  
into	  endothelial	  tissue	  of	  blood	  and	  lymph	  vessels	  (Mierke	  et	  al.,	  2008).	  This	  suggests	  that	  
between	   these	   two	   points,	   cancer	   cell	   migration	   is	   determined	   to	   a	   large	   extent	   by	   the	  
existing	  ECM.	  How	  fast	  cells	  migrate	  in	  that	  environment	  (speed)	  and	  how	  well	  the	  aligned	  
fibers	  bias	  migration	  direction	   (directionality)	  are	   two	  primary	   indicators	  of	   if	  or	  how	   fast	  
metastasis	   will	   occur.	   Environmental	   characteristics	   such	   as	   fiber	   density	   (fiber-­‐to-­‐fiber	  
spacing)	  and	  the	  concentration	  of	  charged	  accessory	  molecules	  in	  and	  around	  the	  ECM	  will	  
impact	  both	  speed	  and	  directionality.	  Additionally,	  certain	  soluble	  cues	  or	  matrix	  stiffness	  
can	   regulate	   cell	   contractility	   (Sabeh	  et	   al.,	   2009;	  Wirtz	   et	   al.;	  Wolf	   et	   al.,	   2003),	   another	  
perturbation	   that	   might	   alter	   speed	   and	   directionality.	   Developing	   in	   vitro	   environments	  
where	  collagen	  organization	  can	  be	  controlled	  and	  cell	  migration	  characteristics	  measured	  
will	  be	  a	  powerful	  approach	  to	  understand	  how	  cells	  sense	  directional	  ECM	  cues.	  	  
There	   are	   various	   approaches	   by	   which	   to	   organize	   and	   present	   fibers,	   including	   electrospinning	  
collagen	   fibers	   (Matthews	  et	  al.,	  2002),	  drawing	   suspended	   fibers	  across	  posts	   (Nain	  et	  al.,	  2008),	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creating	  aligned	  thin	  films	  of	  collagen	  (Amyot	  et	  al.,	  2008)	  and	  growing	  collagen	  fibers	  on	  atomically	  
smooth	  mica	  (Jiang	  et	  al.,	  2004).	  Microcontact	  printing	  lines	  of	  ECM	  that	  mimic	  fibers	  have	  also	  been	  
used.	  Microcontact	  printing	  in	  general	  is	  an	  effective	  way	  by	  which	  to	  direct	  cell	  migration	  (Kushiro	  
et	  al.,	  2010).	  Microcontact	  printing	  adhesive	  lines	  has	  been	  used	  to	  examine	  cytoskeleton	  structure	  
or	   dynamics	   (Csucs	   et	   al.,	   2007;	   Pouthas	   et	   al.,	   2008;	   Rossier	   et	   al.,	   2010),	   cell	   alignment	   and	  
bridging	   across	   lines	   (Clark	   et	   al.,	   1992;	   Csucs	   et	   al.,	   2007;	   Desai	   et	   al.,	   2011;	   Doyle	   et	   al.,	   2009;	  
Oneill	  et	  al.,	  1990;	  Rossier	  et	  al.,	  2010),	  traction	  forces	  (Borghi	  et	  al.,	  2010;	  Rossier	  et	  al.,	  2010)	  and	  
cell	  migration	  (Borghi	  et	  al.,	  2010;	  Csucs	  et	  al.,	  2007;	  Doyle	  et	  al.,	  2009;	  Kandere-­‐Grzybowska	  et	  al.,	  
2007;	  Maiuri	  et	  al.,	  2012).	  Doyle	  et	  al.	  suggested	  that	  line	  spacing	  could	  control	  migration	  rate,	  but	  
these	  reports	  along	  with	  Mairuri	  et	  al.	  examined	  cells	  engaged	  in	  complete	  directional	  persistence.	  
In	  addition,	  Kandere-­‐Grzybowska	  et	  al.	  examined	  how	  both	  speed	  and	  persistence	  length	  varied	  as	  a	  
function	  of	  line	  width,	  but	  only	  on	  very	  wide	  lines.	  Borghi	  et	  al.	  did	  show	  evidence	  that	  directionality	  
was	  a	  function	  of	  line	  spacing	  and	  adhesiveness,	  but	  conducted	  experiments	  in	  slow	  moving	  cells	  <	  
15	  mm/hr.	  	  
These	  reports	  did	  not	  fully	  address	  how	  line	  spacing,	  non-­‐specific	  adhesion	  strength	  
between	   lines	   and	   intracellular	   contractility	   impact	   directed	   cell	   migration.	   The	   speed	   of	  
random	  migration	  is	  known	  to	  depend	  on	  cell	  contractility.	  However,	  does	  diminishing	  cell	  
contractility	  alter	  the	  fidelity	  of	  contact	  guidance	  separate	  from	  or	  in	  addition	  to	  the	  speed?	  
This	  can	  only	  be	  tested	   if	  the	  cells	  have	  an	  ability	  to	  adhere	  albeit	   in	  some	  limited	  way	  to	  
regions	   between	   the	   contact	   guidance	   cues.	   How	   does	   the	   fidelity	   of	   contact	   guidance	  
change	  when	  cells	  span	  multiple	   lines?	  These	  are	   important	  questions	  given	  that	  cells	  can	  
attach	  to	  several	  ECM	  fibers	  simultaneously	  and	  move	  between	  fibers	  in	  vivo	  (Doyle	  et	  al.,	  
2009)	  and	  that	  non-­‐specific	  interactions	  with	  proteoglycans	  or	  other	  molecules	  distributed	  
within	   the	   ECM	   might	   regulate	   cell	   adhesion	   and	   migration	   (Kuntz	   and	   Saltzman,	   1997;	  
Massia	  and	  Hubbell,	  1992).	  Consequently,	  we	  were	  interested	  in	  characterizing	  the	  directed	  
migration	   of	   cells	   on	   substrates	   where	   we	   could	   probe	   how	   fiber	   density	   (line	   spacing),	  
surrounding	   chemical	   composition	   (adhesion	   strength	   between	   lines)	   and	   intracellular	  
contractility	   regulate	   the	   ability	   of	   cells	   to	   sense	   directional	   ECM	   cues.	  We	   used	   live	   cell	  
microscopy	   to	   quantitatively	   measure	   cell	   migration	   behavior	   under	   different	  
environmental	  conditions.	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Results:	  
Microcontact	  printed	  lines	  of	  collagen	  direct	  cell	  migration	  	  
Rat	  adenocarcinoma	  cells	  (MTLn3)	  were	  plated	  on	  various	  patterns	  with	  tunable	  line	  
spacing	   and	   non-­‐specific	   background	   adhesion	   strength.	   In	   Fig.	   1A,	   3x10	   mm	   lines	   of	  
fluorescently	  labeled	  collagen	  backfilled	  with	  poly-­‐L-­‐lysine	  polyethylene	  glycol	  (PLL-­‐PEG)	  are	  
shown.	   Cells	   display	   extending	   leading	   edge	   protrusions	   along	   the	   collagen	   lines.	   Fewer	  
protrusions	   were	   made	   in	   the	   area	   treated	   with	   PLL-­‐PEG,	   often	   resulting	   in	   concave	  
membrane	  curvature	  over	  the	  PLL-­‐PEG.	  Sometimes	  protrusions	  spanned	  the	  collagen	  lines,	  
however	  the	  region	  of	  the	  protrusion	  directly	  over	  the	  PLL-­‐PEG	  was	  less	  phase	  dense	  than	  
the	   region	  over	   the	   collagen	   (Fig.	  1A).	   This	  preferential	  protrusion	  over	   the	   collagen	   lines	  
often	   resulted	   in	   movement	   along	   the	   long	   axis	   of	   the	   collagen	   lines	   (Fig.	   1B).	   Less	  
frequently	   cells	  moved	   orthogonally	   to	   the	   lines,	   pulling	   their	   nuclei	   towards	   one	   line	   or	  
another.	  In	  order	  to	  quantify	  the	  migrational	  behavior	  we	  measured	  both	  the	  distribution	  of	  
the	  angles	  of	  movement	  and	  cell	  migration	  speed.	  The	  angle	  of	  displacement	  with	  respect	  
to	  the	  long	  axis	  of	  the	  collagen	  lines,	  q,	  over	  a	  time	  lag,	  t,	  was	  calculated	  for	  cells	  plated	  on	  
3x10	  mm	  patterns	  and	  backfilled	  with	  PLL-­‐PEG	  (Col:PLL-­‐PEG).	  This	  distribution	  of	  angles	  was	  
compiled	   (Fig.	   1C).	   The	   cell	  moves	  primarily	   along	   the	   lines,	   resulting	   in	   the	  majority	  of q	  
_values	  lying	  near	  0.	  Interestingly,	  there	  seems	  to	  be	  a	  slight	  increase	  in	  frequency	  close	  to	  
p/2,	  suggesting	  a	  secondary	  preference	  for	  perpendicular	  movement	  over	  short	  time	   lags.	  
However,	  this	  preference	  represents	  high	  frequency	  movement	  of	  the	  nucleus	  towards	  or	  
away	   from	   lines	  and	  disappears	  at	   long	   time	   lags	   (Fig.	  1C).	  The	  cumulative	  distribution	  of	  
displacement	  angles	  for	  a	  population	  of	  cells	  under	  one	  experimental	  condition	  and	  for	  one	  
time	  lag	  can	  be	  fitted	  to	  a	  phenomenological	  model	  outlined	  in	  the	  materials	  and	  methods	  
(Fig.	  1D).	  The	  fit	  to	  the	  cumulative	  distribution	  function	  seemed	  to	  be	  best	  for	  time	  lags	  of	  
10	  minutes	  (Fig.	  1D).	  The	  parameters	  in	  the	  model	  include	  ,	  the	  probability	  density	  value	  for	  
displacements	  perpendicular	  to	  the	  lines,	  f	  ,	  the	  probability	  density	  value	  for	  displacements	  
parallel	  to	  the	  lines	  and	  k,	  the	  decay	  constant	  between	  f^	  and	  f	  in	  inverse	  radians.	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These	   parameters	   seemed	   to	   stabilize	   for	   a	   time	   lag	   equal	   to	   or	   greater	   than	   10	  
mins,	   indicating	  that	  directional	  memory	  might	  be	  less	  than	  ~	  10	  mins	  (Fig.	  1D).	  While	  the	  
displacement	  distribution	  contains	  more	  information,	  a	  more	  convenient	  way	  is	  to	  measure	  
a	  directionality	  index	  (DI),	  as	  described	  in	  the	  materials	  and	  methods.	  When	  the	  DI	  is	  0,	  cell	  
migration	  is	  random,	  when	  the	  DI	  is	  1,	  cell	  migration	  is	  parallel	  to	  the	  long	  axis	  of	  the	  lines	  
and	  when	  the	  DI	  is	  -­‐1,	  cell	  migration	  is	  perpendicular	  to	  the	  long	  axis	  of	  the	  lines.	  The	  DI	  for	  
the	  distributions	  shown	   in	  Fig.	  1C	   is	  0.47,	  0.49,	  0.50	  and	  0.52.	   In	  addition	  to	  the	  direction	  
distribution	   and	   directionality,	   instantaneous	   cell	   migration	   speed	   was	   calculated	   as	  
described	   in	  the	  material	  and	  methods.	  Cell	  migration	  speed	  was	  a	  decreasing	  function	  of	  
time	  lag,	  but	  was	  not	  significantly	  different	  when	  the	  time	  lag	  was	  shorter	  than	  10	  min	  (Fig.	  
1E).	  Given	  the	  response	  of	  the	  distribution	  of	  displacement	  angles	  and	  instantaneous	  speed,	  
a	  time	  lag	  of	  10	  mins	  was	  used	  for	  the	  remainder	  of	  the	  paper.	  
	  
Non-­‐specific	   background	   adhesion	   strength	   results	   in	   differences	   in	  morphology	  
and	  FA	  properties.	  
Collagen	  fiber	  density	  is	  never	  uniform	  over	  space	  in	  vivo	  (Provenzano	  et	  al.,	  2008a;	  
Sahai	  et	  al.,	  2005;	  Wolf	  et	  al.,	  2003).	  Additionally,	  other	  ECM	  components	  might	  be	  present	  
to	  varying	  degrees	   in	  different	  regions	   in	  vivo.	  Consequently,	  we	  wanted	  to	  examine	  how	  
cell	   migration	   was	   altered	   when	   cells	   were	   allowed	   to	   migrate	   on	   3	   mm	   collagen	   lines	  
spaced	  various	  distances	  apart	  (3-­‐10	  mm)	  and	  backfilled	  with	  two	  molecules	  with	  different	  
non-­‐specific	  adhesion	  properties	  (PLL-­‐PEG	  and	  PLL).	  We	  called	  these	  substrates	  Col:PLL-­‐PEG	  
and	  Col:PLL	   substrates,	   respectively.	  Cells	  are	  more	  adhesive	   towards	  PLL	   substrates	   than	  
PLL-­‐PEG	  substrates	  (Fig.	  S1).	  Cells	  adopted	  circular	  shapes	  on	  patterns	  with	  small	  distances	  
between	   collagen	   lines	   on	   both	   Col:PLL-­‐PEG	   and	   Col:PLL	   substrates	   (Fig.	   2A	   and	   B).	  
However,	   cells	   on	   Col:PLL-­‐PEG	   substrates	   often	   formed	   protrusions	   directly	   over	   the	  
collagen	   lines	   only	   and	   had	   concave	   edges	   in	   areas	   over	   the	   PLL-­‐PEG	   (Fig.	   2A).	   Cells	   on	  
Col:PLL	  substrates	  had	  smoother	  edges	  (Fig.	  2B).	  As	  the	  line	  spacing	  increased	  cells	  became	  
more	   elongated	   on	   both	   Col:PLL-­‐PEG	   and	   Col:PLL	   substrates.	   However,	   cells	   on	   Col:PLL	  
substrates	  at	  large	  line	  spacing	  usually	  spanned	  the	  same	  line,	  extending	  small	  protrusions	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over	  the	  PLL	  that	  were	  eventually	  retracted,	  whereas	  cells	  on	  Col:PLL-­‐PEG	  substrates	  usually	  
spanned	  more	  than	  one	  line	  (Fig.	  1A	  and	  2C).	  This	  is	  interesting	  because	  PLL	  is	  much	  more	  
adhesive	  than	  PLL-­‐PEG.	  Given	  the	  distinct	  morphology	  of	  the	  cells	  on	  different	  line	  spacing	  
and	  non-­‐specific	  background	  adhesion	  strength,	  we	  examined	  the	  actin	  cytoskeleton	  as	  well	  
as	  FAs.	  	  
When	  collagen	  patterns	  were	  backfilled	  with	  either	  PLL	  or	  PLL-­‐PEG	  and	  cells	  spanned	  
numerous	  collagen	  lines,	  individual	  FAs	  were	  seen	  to	  form	  primarily	  over	  the	  collagen	  lines,	  
however	  at	   times	  some	  FAs	   formed	  over	  the	  backfilled	  portions	  of	   the	  substrates	   (Fig.	  3A	  
and	   4).	   Many	   cells	   on	   Col:PLL	   substrates	   adopted	   a	   smooth	   edge	  morphology	   as	   shown	  
above	  (Fig.	  2)	  as	  compared	  to	  Col:PLL-­‐PEG	  substrates.	  Printed	  collagen	  lines	  generated	  FAs	  
that	   larger,	   more	   elongated,	   slower	   and	   brighter	   FAs	   (Fig.	   4C-­‐G).	   In	   addition,	   Col:PLL	  
substrates	  tended	  to	  generate	  long-­‐lived,	  slow	  and	  bright	  FAs	  as	  compared	  to	  the	  Col:PLL-­‐
PEG	   substrates	   (Fig.	   4C-­‐E).	   These	   observations	   are	   expected	   given	   the	   difference	   in	  
adhesion	  seen	  on	  different	  substrates	   (Fig.	  S1).	  Given	  the	  distinct	  morphology	  of	   the	  cells	  
and	  FA	  properties	  on	  different	  line	  spacing	  and	  non-­‐specific	  background	  adhesion	  strength,	  
we	  quantified	  cell	  directionality	  and	  migration	  speed	  under	  these	  conditions.	  	  
	  
Collagen	   line	   spacing	   and	   non-­‐specific	   background	   adhesion	   strength	   result	   in	  
differences	  in	  directionality	  and	  migration	  speed	  	  
MTLn3	   cells	   migrated	   well	   under	   any	   condition	   that	   we	   examined.	   Narrow	   line	  
spacing	   resulted	   in	   directionality	   that	   is	   roughly	   independent	   of	   non-­‐specific	   background	  
adhesivity,	  however,	  at	  wide	   line	   spacing,	  directionality	  was	   low	   for	  Col:PLL-­‐PEG	  and	  high	  
for	   Col:PLL	   substrates	   indicating	   that	   Col:PLL	   and	   not	   Col:PLL-­‐PEG	   substrates	   are	   perhaps	  
better	   at	   directing	   cell	  migration	   (Fig.	   5A).	   Speed	   behaved	  much	   differently.	   The	   average	  
speed	  was	  generally	  between	  25-­‐40	  mm/hr.	  For	  line	  spacing	  less	  than	  10	  mm,	  cells	  migrated	  
on	   Col:PLL-­‐PEG	   and	   Col:PLL	   substrates	   at	   similar	   speeds	   (Fig.	   5B).	   However,	   on	   a	   lines	  
spacing	  of	   10	  mm,	   cells	   on	  Col:PLL-­‐PEG	   substrates	   resulted	   in	   increased	  migration	   speed,	  
whereas	   cells	   on	   Col:PLL	   substrates	   had	   decreased	   migration	   speed	   (Fig.	   5B).	   Plotting	  
directionality	  as	  a	   function	  of	   cell	  migration	   speed	   revealed	  an	   inverse	  and	   roughly	   linear	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behavior	  (Fig.	  5C).	  However,	  cells	  tended	  to	  make	  contact	  with	  different	  numbers	  of	  lines,	  
even	  on	  substrates	  with	  the	  same	  line	  spacing	  and	  backfilling	  molecule.	  Consequently,	  we	  
examined	   the	   data	   when	   grouped	   based	   on	   the	   average	   number	   of	   lines	   that	   a	   cell	  
contacted.	  	  
	  
The	  number	  of	   lines	  and	  the	  amount	  of	  collagen	  that	  a	  cell	  contacts	  regulate	  cell	  
directionality	  and	  migration	  speed	  	  
The	  number	  of	   lines	   that	  each	   cell	   contacted	  was	  determined	  by	   visual	   inspection	  
and	  averaged	  over	  the	  imaging	  time.	  The	  average	  number	  of	  lines	  that	  each	  cell	  contacted	  
decreased	  with	  increasing	  line	  spacing	  as	  would	  be	  expected	  (Fig.	  6A).	  In	  addition	  a	  simple	  
function	   that	   includes	   the	   cell’s	   average	  diameter	   on	  uniform	   collagen	   substrates	   fits	   the	  
data	   well	   (see	   materials	   and	   methods).	   At	   narrow	   line	   spacing	   both	   PLL-­‐PEG	   and	   PLL	  
substrates	   act	   similarly,	   whereas	   they	   diverge	   at	   wider	   line	   spacing.	   On	   the	   other	   hand	  
collagen	  fluorescence,	  which	  is	  an	  indication	  of	  collagen	  concentration	  was	  quantified	  and	  
found	   to	   vary	   only	   slightly	   (Fig.	   6B),	   and	   independently	   of	   line	   spacing	   or	   backfilling	  
molecule.	   Since	   the	  number	  of	   lines	   contacted	   varied	  greatly,	  we	  grouped	  data	  based	  on	  
this	  metric	  and	  examined	  cell	  directionality	  and	  migration	  speed.	  The	  bins	  were	  determined	  
by	  splitting	  the	  distribution	  of	  lines	  contacted	  into	  thirds	  (lines	  contacted:	  <	  3,	  3-­‐5,	  and	  >	  5).	  	  
Cells	  attached	  to	  one	  line	  have	  little	  chance	  to	  move	  in	  directions	  perpendicular	  to	  that	  line.	  
In	   contrast,	   cells	   attached	   to	  many	   lines	   can	   generate	   force	   between	   the	   lines	   and	   perhaps	   pull	  
themselves	   perpendicularly	   to	   the	   long	   axis	   of	   the	   lines.	   Consequently,	   one	  would	   expect	   higher	  
directionality	   in	   cells	   touching	   fewer	   lines.	   On	   Col:PLL-­‐PEG,	   Col:PLL	   and	   Col:FN	   substrates,	   the	  
directionality	   decreases	   as	   a	   function	   of	   the	   number	   of	   lines	   that	   a	   cell	   contacts	   and	   higher	   non-­‐
specific	  background	  adhesion	  generally	  produces	  better	  directionality	  (Fig.	  7A	  and	  Fig.	  S2C).	  Speed	  
has	  a	  slightly	  different	  relationship.	  It	  has	  been	  shown	  that	  migration	  speed	  has	  a	  biphasic	  response	  
to	  the	  density	  of	  extracellular	  matrix	  (ECM)	  concentration	  or	  more	  generally,	  the	  adhesivity	  of	  the	  
substrate.	  On	  one	  side	  of	  this	  biphasic	  curve,	   increasing	  adhesivity	  decreases	  cell	  migration	  speed.	  
For	  cells	  migrating	  on	   few	   lines	  speed	   is	  highest	  on	   the	   less	  adhesive	  PLL-­‐PEG	  substrate,	   lower	  on	  
the	  more	  adhesive	  PLL	  substrate	  and	  lowest	  on	  the	  very	  adhesive	  FN	  substrate.	  At	  high	  numbers	  of	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lines	  contacted	  cell	  migration	  speed	  converges	  for	  all	  different	  substrates	  (Fig.	  7B	  and	  S2D).	  	  
	  
	  
Cell	  contractility	  regulates	  cell	  directionality	  and	  migration	  speed	  	  
Given	   that	   non-­‐specific	   background	   adhesion	   alters	   both	   cell	   directionality	   and	  
migration	   speed	  and	   that	   contraction	   is	   intimately	   linked	   to	   the	  cell’s	  ability	   to	  overcome	  
adhesion,	   we	   examined	   how	   cells	   respond	   to	   decreased	   levels	   of	   myosin	   II-­‐mediated	  
contractility.	   We	   treated	   cells	   with	   low	   levels	   of	   blebbistatin,	   a	   myosin	   II	   inhibitor,	   to	  
partially	  inhibit	  contractility.	  The	  IC50	  of	  blebbistatin	  is	  0.4-­‐1.6	  mM,	  but	  doses	  as	  high	  as	  30	  
mM	  are	  required	  for	  abolishment	  of	  traction	  force	  and	  cytoskeletal	  architecture	  (Cai	  et	  al.,	  
2006;	  Kovacs	  et	  al.,	  2004).	  When	  cells	  were	  treated	  with	  high	  blebbistatin	  concentrations,	  
migration	  was	  arrested	  (Fig.	  8F).	  This	  threshold	  was	  different	  for	  the	  different	  non-­‐specific	  
adhesive	   backgrounds	   (Fig.	   8F).	   However,	   morphology	   of	   the	   cells	   did	   not	   vary	   much	  
between	   cells	   on	   either	   side	   of	   this	   threshold	   (Fig.	   8A.-­‐D.).	   Directionality	   decreases	   with	  
blebbistatin	   concentration	   on	   both	   Col:PLL-­‐PEG	   and	   Col:PLL	   substrates	   (Fig.	   8E),	   but	   this	  
trend	   is	  more	  apparent	  when	  cells	  contact	  an	   intermediate	  number	  of	   lines	   (Fig.	  8G).	  The	  
alteration	   of	  migration	   speed	   by	   blebbistatin	   treatment	  was	   dependent	   on	   the	   substrate	  
(Fig.	   8H).	   On	   the	   Col:PLL-­‐PEG	   substrates,	   migration	   speed	   was	   uniformly	   decreased,	  
whereas	   on	   the	   Col:PLL	   substrates	   migration	   speed	   was	   unchanged	   (Fig.	   8H).	   This	  
demonstrates	  that	  decreasing	  contractility	  acts	  to	  modulate	  directionality	  and	  cell	  migration	  
speed.	  
	  
Discussion:	  	  
Contact	  guidance	  biases	  migration	  along	  an	  axis	  of	   fibers	  or	   fiber-­‐like	  structures.	   If	  
that	  contact	  guidance	  is	  strong,	  the	  migration	  can	  be	  described	  as	  random	  1D	  migration.	  If	  
that	  contact	  guidance	  is	  weak,	  the	  motion	  is	  simply	  biased	  2D	  migration.	  Random	  migration	  
in	  1D,	  2D	  or	  3D	  can	  be	  characterized	  by	  a	  persistence	  time	  (or	  length)	  and	  a	  cell	  migration	  
speed.	   Persistence	   time	   is	   the	   time	   over	  which	   both	   the	  magnitude	   and	   direction	   of	   cell	  
velocity	  remain	  constant.	  Correlations	  between	  persistence	  and	  cell	  migration	  speed	  in	  2D	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random	   migration	   have	   revealed	   that	   as	   migration	   speed	   increases	   persistence	   time	  
decreases	  across	  several	  different	  cell	   lines	  (Lauffenburger,	  1993).	  Fibroblasts	  move	  slowly	  
with	  high	  persistence,	  whereas	  neutrophils	  move	  quickly	  with	  low	  persistence.	  Conversely,	  
correlations	  between	  persistence	  and	  cell	  migration	  speed	  in	  1D	  random	  migration	  (strong	  
contact	   guidance)	   have	   revealed	   that	   as	   migration	   speed	   increases	   persistence	   time	  
increases	  across	   several	  different	  cell	   lines	   (Maiuri	  et	  al.,	  2012).	  The	   relationship	  we	  have	  
found	  matches	  more	  closely	  with	  that	  seen	  in	  2D.	  Directionality	  is	  a	  decreasing	  function	  of	  
cell	  migration	   speed,	   which	  makes	   sense	   given	   that	   the	   above	   experiments	   clearly	   show	  
that	  migration	  is	  biased,	  but	  not	  confined	  to	  1D.	  In	  addition,	  we	  only	  probed	  this	  behavior	  in	  
one	  cell	  type	  under	  different	  conditions	  as	  opposed	  to	  different	  cell	  types	  under	  the	  same	  
condition.	   It	   is	   still	   yet	   unexplained	   why	   cells	   make	   a	   qualitative	   switch	   in	   this	   behavior	  
between	   1D	   and	   2D,	   but	   Maiuri	   suggest	   that	   pathways	   associated	   with	   polarization	   are	  
coupled	   to	   pathways	   that	   mediate	   cell	   migration	   speed	   in	   1D.	   For	   whatever	   reason,	  
different	   pathways	   might	   regulate	   polarity	   or	   cell	   migration	   speed	   in	   2D	   leading	   to	   a	  
different	  dependence.	  Indeed,	  the	  cytoskeleton	  and	  FAs	  operate	  much	  differently	  between	  
1D	  and	  2D	  (Doyle	  et	  al.,	  2012;	  Doyle	  et	  al.,	  2009).	  	  
In	  addition	   to	   this	   relationship	  between	  directionality	  and	  speed,	  our	   intent	  was	   to	  assess	  
how	  the	  density	  of	  the	  contact	  guidance	  cues	  (line	  spacing),	  non-­‐specific	  background	  adhesion	  and	  
cell	  contractility	  affected	  the	  fidelity	  of	  contact	  guidance	  separate	  from	  or	  in	  addition	  to	  migration	  
speed.	   These	   are	   important	   questions	   given	   that	   cells	   can	   attach	   to	   several	   ECM	   fibers	  
simultaneously	   and	   move	   between	   fibers	   in	   vivo	   (Doyle	   et	   al.,	   2009)	   and	   that	   non-­‐specific	  
interactions	   with	   proteoglycans	   distributed	   within	   the	   ECM	   might	   regulate	   cell	   adhesion	   and	  
migration	   (Iozzo,	   1998;	  Massia	   and	   Hubbell,	   1992).	   Indeed,	  we	   found	   that	   line	   spacing	   did	   affect	  
contact	  guidance	  fidelity	  in	  that	  it	  set	  the	  number	  of	  lines	  that	  a	  cell	  spans.	  In	  addition,	  decreasing	  
contractility	  diminished	  the	  contact	  guidance	  fidelity	  (Fig.	  9).	  	  
Printed	   collagen	   directs	   cell	  migration	   by	   encouraging	   FA	   formation	   over	   collagen	  
lines,	   even	   when	   the	   area	   between	   the	   collagen	   lines	   is	   backfilled	   with	   a	   non-­‐specific	  
adhesive	  molecule.	  Directionality	  increases	  as	  line	  spacing	  increases	  due	  to	  a	  fewer	  number	  
of	   lines	   contacted	   by.	   This	   somewhat	   contradicts	   Borghi	   et	   al.	   who	   showed	   that	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directionality	  decreased	  as	  line	  spacing	  increased,	  however	  they	  did	  not	  keep	  the	  collagen	  
line	  width	  the	  same	  as	  we	  did	   in	  this	  report	  and	  the	  backfilling	  agent	  was	  a	  more	  specific	  
adhesive	  molecule,	  E-­‐cadherin	  antibody.	   In	  addition	   to	  directionality,	   cell	  migration	  speed	  
remains	   constant	   on	   Col:PLL-­‐PEG	   substrates	   and	   increases	   on	   Col:PLL	   substrates	   with	  
increasing	  number	  of	  lines	  contacted.	  The	  response	  of	  cell	  migration	  speed	  to	  the	  number	  
of	  lines	  seems	  to	  vary	  based	  on	  context.	  Borghi	  et	  al.	  showed	  that	  speed	  decreases,	  Csucs	  et	  
al.	  showed	  that	  speed	  remains	  constant	  and	  Doyle	  et	  al	  showed	  that	  speed	  increases	  with	  
increasing	  line	  spacing.	  This	  is	  most	  likely	  due	  to	  the	  differences	  in	  the	  ECM	  type	  as	  well	  as	  
the	   backfilling	   agent	   used	   in	   each	   of	   these	   studies.	   Additionally,	   cells	   migrated	   as	   fast	  
(Borghi	   et	   al.,	   2010;	   Csucs	   et	   al.,	   2007)	   or	   faster	   (Doyle	   et	   al.,	   2009)	   on	   these	   contact	  
guidance	   substrates	   as	   compared	   to	   the	   uniform	   substrates.	   For	   instance,	   Doyle	   et	   al.	  
showed	   that	   cells	  migration	   speeds	  were	  dramatically	   enhanced	  when	   cell	  migration	  was	  
confined	   to	   1D	   as	   opposed	   to	   2D.	   Optimal	   speed	   (~65	   mm/hr)	   was	   attained	   during	   1D	  
migration	  on	  2.5	  mm	  lines,	  a	  line	  width	  very	  similar	  to	  the	  one	  used	  in	  this	  study.	  The	  fastest	  
reported	  2D	  migration	  speed	  was	  ~35	  mm/hr.	  The	  authors	  argue	  this	  enhanced	  migration	  
rate	  is	  most	  likely	  due	  to	  alterations	  in	  adhesion	  stability	  and	  mechanical	  coupling	  between	  
the	  cytoskeleton	  and	  FAs	  (Doyle	  et	  al.,	  2012;	  Doyle	  et	  al.,	  2009).	  Our	  cell	  migration	  speeds	  
on	   contact	   guidance	   substrates	   are	   roughly	   similar	   or	   slightly	   less	   than	   what	   we	   have	  
measured	  in	  2D	  using	  collagen	  and	  PLL	  in	  the	  same	  cells	  (Hou	  et	  al.,	  2012).	  
In	  addition	  to	  line	  spacing,	  we	  were	  able	  to	  elucidate	  the	  effect	  of	  the	  non-­‐specific	  
adhesiveness	  of	  the	  background	  on	  cell	  directionality.	  At	  first	  glance,	  one	  might	  predict	  that	  
non-­‐specific	  background	  adhesion	  would	  deteriorate	  the	  directional	  signal	  that	  the	  collagen	  
lines	  transmit	  to	  the	  cell	  by	  adding	  adhesive	  “noise”	  to	  the	  directional	  signal.	  However,	  this	  
seems	  not	  to	  be	  the	  case.	  Borghi	  et	  al.	  partially	  addressed	  this	  in	  the	  context	  of	  competing	  
signals	   for	  cell-­‐cell	  attachment	  and	  cell-­‐ECM	  attachment	  by	  patterning	   lines	  of	  E-­‐cadherin	  
antibody	  (cell-­‐cell	  signal)	  and	  collagen	  IV	  (cell-­‐ECM)	  (Borghi	  et	  al.,	  2010).	  They	  showed	  that	  
as	  the	  concentration	  of	  E-­‐cadherin	  antibody	  in	  the	  background	  increased,	  migration	  speed	  
remained	  constant	  (<	  15	  mm/hr),	  but	  directionality	  increased.	  This	  was	  explained	  in	  part	  by	  
enhanced	   localization	   of	   FAs	   to	   collagen	   IV	   regions	   with	   increasing	   E-­‐cadherin	   antibody	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concentration.	   This	   led	   to	  orientation	  of	   traction	   forces	   along	   the	   lines,	   presumably	   from	  
increased	  cytoskeletal	  orientation	  (Rossier	  et	  al.,	  2010).	  This	  agrees	  with	  our	  data	  showing	  
that	  a	  non-­‐specific	  adhesive	  molecule	  (PLL)	  can	  still	  support	  high	  directionality.	  Additionally,	  
cells	  on	  Col:PLL	  substrates	  seemed	  unable	  to	  form	  broad	  lamellipodia	  on	  the	  PLL	  unless	  the	  
line	  spacing	  was	  small.	  This	  agrees	  with	  data	  showing	  that	  for	  narrow	  collagen	  line	  spacing	  
PLL	   does	   not	   allow	   for	   FAs	   to	   form,	   resulting	   in	   the	   inability	   to	   resist	   protrusion	   or	  
contractile	   loads	   by	   the	   actomyosin	   cytoskeletal	   network.	   Indeed,	   our	   data	   above	   and	  
others	  have	  shown	  that	  PLL	  is	  not	  sufficient	  for	  robust	  FA	  formation	  or	  proper	  cytoskeletal	  
structure	   and	   dynamics	   (Alexandrova	   et	   al.,	   2008;	   Lehnert	   et	   al.,	   2004).	   However,	   when	  
collagen	   lines	   are	   close,	   they	   can	   withstand	   the	   burden	   of	   forces	   generated	   by	   the	  
cytoskeletal	  network	  (Csucs	  et	  al.,	  2007).	  The	  idea	  that	  non-­‐specific	  adhesive	  backgrounds	  
might	   better	   confine	   migration	   in	   a	   particular	   direction	   might	   explain	   the	   presence	   of	  
auxiliary	   ECM	   components	   like	   proteoglycans	   that	   might	   not	   be	   directly	   involved	   in	  
migration	   or	   contact	   guidance	   per	   se,	   but	   could	   alter	   contact	   guidance	   indirectly	   (Iozzo,	  
1998).	  	  
Finally,	   while	   others	   have	   examined	   how	   contractility	   or	   ECM	   stiffness	   affects	   cell	   speed	   during	  
random	   migration	   (Gupton	   and	   Waterman-­‐Storer,	   2006;	   Peyton	   and	   Putnam,	   2005)	   and	   during	  
contact	  guidance	  on	  line	  patterns	  (Doyle	  et	  al.,	  2009),	  no	  one	  has	  examined	  how	  contractility	  affects	  
directionality.	  We	  focused	  here	  on	  examining	  contractility,	  noting	  that	  changes	  in	  ECM	  stiffness	  can	  
regulate	  contractility	  too	  and	  likely	  have	  effects	  on	  the	  fidelity	  of	  directed	  migration,	  but	  most	  likely	  
affect	   directional	   migration	   through	   altering	   adhesion	   and	   contractility.	   Well	   known	   biphasic	  
relationships	   regulate	   the	   dependence	   of	   cell	  migration	   speed	   on	   contractility.	   Given	   a	   substrate	  
with	   high	   non-­‐specific	   adhesion	   and	   an	   optimal	   cell	  migration	   speed,	   decreasing	   the	   contractility	  
slows	  the	  cell	  by	  making	  it	  harder	  to	  overcome	  the	  non-­‐specific	  background	  adhesion.	  Increasing	  the	  
contractility	   slows	   the	   cell	   by	   constantly	   retracting	   protrusion.	   Directionality	   appears	   to	   operate	  
differently.	  Contact	  guidance	  is	  highly	  dependent	  on	  organizing	  F-­‐actin	  structures	  in	  the	  direction	  of	  
the	  contact	  guiding	  cue.	  Contraction	  helps	  in	  this	  organization	  and	  effectively	  couples	  the	  alignment	  
of	   the	   cytoskeleton	   with	   the	   alignment	   of	   the	   contact	   guidance	   cue.	   More	   contraction	   leads	   to	  
better	   alignment,	   resulting	   in	   a	   monotonic	   relationship.	   Whether	   this	   relationship	   between	  
contractility	  and	  contact	  guidance	  fidelity	  holds	  for	  3D	  matrices	  is	  still	  an	  open	  question.	  While	  Rho-­‐
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mediated	   contractility	   is	   important	   in	   3D	   contact	   guidance	   responses,	   it	   appears	   to	   regulate	   ECM	  
remodeling	   rather	   than	  contact	  guidance	  cue	  sensing	   (Provenzano	  et	  al.,	  2008b).	  However,	   tumor	  
environments	   tend	   to	   be	   quite	   stiff	   (Levental	   et	   al.,	   2009;	   Paszek	   et	   al.,	   2005)	   and	   cells	   in	   these	  
environments	  might	  be	  more	  sensitive	  to	  contractility	  inhibition	  at	  the	  level	  of	  cell	  migration.	  	  
This	  paper	  demonstrates	  that	  the	  number	  of	  lines	  a	  cell	  contacts	  affects	  the	  fidelity	  
of	   contact	   guidance.	   Furthermore,	   non-­‐specific	   adhesion	   can	   actually	   enhance	  directional	  
migration.	   Finally,	   while	   cell	   migration	   speed	   is	   a	   biphasic	   function	   of	   cell	   contractility,	  
directionality	   appears	   to	   be	   a	   monotonic,	   increasing	   function	   of	   cell	   contractility.	   Thus,	  
decreasing	  contractility	  degrades	  the	  contact	  guidance	  fidelity	  (Fig.	  9).	  
	  
Materials	  and	  Methods	  	  
	  
Cell	  culture	  and	  seeding	  	  
MTLn3	  cells	  were	  subcultured	  in	  a-­‐MEM	  media	  (Gibco,	  Grand	  Island,	  New	  York,	  US)	  
containing	  5%	  fetal	  bovine	  serum	  and	  1%	  penicillin	  and	  streptomycin	  (Gibco,	  Grand	  Island,	  
New	   York,	   US).	   Cells	   between	   passage	   three	   and	   twenty	   were	   plated	   onto	   patterned	  
coverslips	  at	  an	  approximate	  density	  of	  100,000	  cells	  per	   coverslip.	  Cells	  were	  allowed	   to	  
attach	   to	   the	   coverslip	   for	   three	   to	   four	   hours.	   The	   coverslip	   was	   then	   inverted	   onto	   a	  
microscope	   slide	   with	   strips	   of	   double-­‐sided	   sticky	   tape.	   This	   chamber	   was	   filled	   with	   a-­‐
MEM	  media	  with	  12	  mM	  HEPES	  while	   lacking	  phenol	   red	   (Gibco,	  Grand	   Island,	  New	  York,	  
US)	  and	  sealed	  using	  VALAP.	  	  
	  
Adhesion	  analysis	  	  
Glutaraldehyde-­‐functionalized	  coverslips	  as	  described	  above	  were	  either	  untreated,	  
backfilled	  with	  PLL	  or	  PLL-­‐PEG	  as	  described	  above,	   stamped	  with	   flat	  PDMS	  stamps	   inked	  
with	  collagen	  as	  described	  above	  or	  stamped	  with	  collagen	  and	  backfilled	  with	  PLL	  or	  PLL-­‐
PEG.	  Cells	  were	  allowed	  to	  spread	  on	  treated	  coverslips	  for	  4	  hrs.	  Coverslips	  were	  placed	  on	  
a	   coverslip	   spinner	   (http://www.proweb.org/kinesin/Methods/SpinnerBox.html)	   and	  were	  
spun	  for	  5	  s	  at	  4000	  RPM	  while	  media	  was	  continuously	  added	  to	  the	  coverslip	  to	  eliminate	  
the	   drying	   of	   the	   sample.	   The	   more	   adhesive	   the	   cell,	   the	   more	   likely	   it	   is	   to	   remain	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attached	   after	   imparting	   the	   shear	   stress	   (Garcia	   et	   al.,	   1997).	   Ten	   images	   at	   random	  
positions,	   but	   at	   equal	   distances	   from	   the	   center	   before	   and	   after	   spinning	   on	   two	  
independent	  samples	  were	  taken.	  The	  fraction	  of	  the	  cells	  left	  was	  calculated.	  All	  fractions	  
were	  normalized	  to	  the	  largest	  fraction.	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APPENDIX	  B	  
COLLAGEN	  ATTACHMENT	  TO	  THE	  SUBSTRATE	  CONTROLS	  CELL	  
CLUSTERING	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Abstract	  	  
	  
Cell	  clustering	  and	  scattering	  play	   important	  roles	   in	  cancer	  progression	  and	  tissue	  
engineering.	  While	  the	  extracellular	  matrix	  (ECM)	  is	  known	  to	  control	  cell	  clustering,	  much	  
of	  the	  quantitative	  work	  has	  focused	  on	  the	  analysis	  of	  clustering	  between	  cells	  with	  strong	  
cell-­‐cell	  junctions.	  Much	  less	  is	  known	  about	  how	  the	  ECM	  regulates	  cells	  with	  weak	  cell-­‐cell	  
contact.	  Clustering	  characteristics	  were	  quantified	  in	  rat	  adenocarcinoma	  cells,	  which	  form	  
clusters	  on	  physically	  adsorbed	  collagen	  substrates,	  but	  not	  on	  covalently	  attached	  collagen	  
substrates.	  Covalently	  attaching	  collagen	  inhibited	  desorption	  of	  collagen	  from	  the	  surface.	  
While	   changes	   in	   proliferation	   rate	   could	   not	   explain	   differences	   seen	   in	   the	   clustering,	  
changes	  in	  cell	  motility	  could.	  Cells	  plated	  under	  conditions	  that	  resulted	  in	  more	  clustering	  
had	  a	   lower	  persistence	   time	  and	  slower	  migration	   rate	   than	   those	  under	  conditions	   that	  
resulted	   in	   less	   clustering.	  Understanding	   how	   the	   ECM	   regulates	   clustering	  will	   not	   only	  
impact	  the	  fundamental	  understanding	  of	  cancer	  progression,	  but	  also	  will	  guide	  the	  design	  
of	   tissue	   engineered	   constructs	   that	   allow	   for	   the	   clustering	   or	   dissemination	   of	   cells	  
throughout	  the	  construct.	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Introduction	  
	  
Tissues	  reorganize	  continuously	  by	  disassembling	  and	  assembling	  cellular	  structures.	  
The	   disassembly	   process	   is	   often	   referred	   to	   as	   scattering	   and	  describes	   the	  well-­‐studied	  
epithelial	  to	  mesenchymal	  (EMT)	  transition	  [1].	  The	  assembly	  process	  is	  often	  referred	  to	  as	  
aggregation	   or	   clustering.	   Both	   cell	   scattering	   and	   clustering	   play	   important	   roles	   in	  
pathologies	   like	   cancer	   metastasis	   [2],	   but	   also	   in	   regenerative	   medicine	   and	   tissue	  
engineering	   [3].	   In	   carcinomas,	   the	   primary	   tumor	   develops	   as	   cluster	   of	   cells	   from	   an	  
epithelial	  layer,	  where	  cells	  are	  attached.	  Mutations	  in	  oncogenes	  disrupt	  cell-­‐cell	  adhesion	  
[4],	   causing	  cells	   to	  break	  off	   the	  primary	   tumor	  as	   single	  cells	  or	  clusters,	  metastasize	   to	  
distant	  organs	  and	  form	  nascent	  secondary	  tumors	  [2].	  Clustering	  during	  metastasis	  might	  
also	   be	   advantageous.	   For	   example,	   squamous	   cell	   carcinomas	   can	   escape	   apoptosis	   by	  
forming	  multicellular	  clusters	  [5,	  6].	  Some	  cancer	  cells	  also	  undergo	  EMT,	  where	  epithelial	  
cells	  lose	  polarity	  and	  diminish	  cell-­‐cell	  adhesion,	  and	  gain	  migratory	  and	  invasive	  properties	  
of	   mesenchymal	   cells	   [7].	   In	   addition	   to	   pathological	   in	   vivo	   environments,	   engineered	  
environments	   must	   be	   able	   to	   orchestrate	   cell	   scattering	   and	   clustering	   during	   the	  
formation	   of	   functional	   tissues	   [3].	   Many	   types	   of	   cells	   are	   known	   to	   self-­‐assemble	   into	  
organ-­‐like	  structures	  in	  engineered	  environments	  outside	  of	  the	  body	  [8-­‐10].	  For	  instance,	  
mouse	  embryonic	   cells	   from	   submandibular	   gland	   can	   assemble	   into	  branched	   structures	  
that	   resemble	   salivary	   gland	   buds	   in	   vitro	   [8].	  While	   cell	   clustering	   is	   desired	   for	   certain	  
specific	   tissue	   engineering	   applications,	   other	   applications	   require	   limiting	   cell	   clustering,	  
particularly	   in	   the	   case	   of	   stem	   cell	   expansion	   [11].	   Understanding	   the	  mechanisms	   that	  
contribute	   to	   scattering	   and	   clustering	   will	   not	   only	   provide	   therapeutic	   targets	   for	  
pathologies,	   but	   also	   will	   guide	   the	   design	   of	   engineered	   tissue	   environments	   that	   can	  
regulate	  the	  degree	  of	  cell	  scattering	  and	  clustering.	  	  
In	   the	  most	   general	   sense,	   scattering	   is	   the	   process	   by	  which	   cells	   transit	   from	   a	  
state	  of	  close	  proximity	  to	  a	  state	  where	  cells	  are	  well-­‐dispersed.	  In	  most	  studies,	  the	  cells	  
in	   close	   proximity	   form	   cell-­‐cell	   junctions,	   so	   scattering	   is	   described	   as	   a	   disassembly	  
process	  that	  includes	  loss	  of	  cell-­‐cell	  junctions	  [1].	  This	  type	  of	  scattering	  can	  proceed	  either	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through	  transcriptional	  control,	  usually	  by	  altering	  the	  expression	  of	   the	  cell-­‐cell	  adhesion	  
molecule	  E-­‐cadherin	  [12,	  13],	  or	  through	  signaling	  [14,	  15]	  or	  cytoskeletal	   [16,	  17]	  events,	  
usually	  by	  altering	  the	  relative	  magnitudes	  of	  the	  cell-­‐cell	  or	  cell-­‐substrate	  adhesion	  forces.	  
Numerous	  extracellular	  ligands	  such	  as	  hepatocyte	  growth	  factor	  [18]	  or	  epidermal	  growth	  
factor	   [14,	   19]	   can	   induce	   scattering.	   In	   addition	   to	   these	   chemical	   inputs,	   mechanical	  
inputs,	   such	   as	   the	   stiffness	   of	   the	   substrate	   can	   regulate	   traction	   force	   and	   determine	  
whether	  cells	  scatter	  [20].	  Clustering,	  on	  the	  other	  hand,	  is	  the	  process	  by	  which	  cells	  transit	  
from	  a	  well-­‐dispersed	  state	  to	  a	  state	  of	  close	  proximity.	  Cell	  clustering	  can	  be	  induced	  by	  
extracellular	  ligands	  like	  insulin	  like	  growth	  factor	  [21]	  or	  through	  force	  mediated	  between	  
attached	   cells	   [22,	   23].	   Again,	   in	   most	   studies	   the	   cells	   in	   close	   proximity	   form	   cell-­‐cell	  
junctions,	  so	  clustering	  is	  described	  as	  an	  assembly	  process	  that	  includes	  formation	  of	  cell-­‐
cell	  junctions.	  When	  cell-­‐cell	  adhesion	  is	  significant	  and	  in	  the	  absence	  of	  proliferation,	  the	  
assembly	   of	   clusters	   can	   result	   either	   from	   random	   migration	   [8,	   24-­‐27],	   paracrine-­‐
mediated	   directed	   migration	   [28,	   29]	   or	   mechanically-­‐induced	   cell	   compaction	   [23].	   All	  
three	  induce	  cell-­‐cell	  contact	  and	  cluster	  formation	  when	  cells	  collide	  [30].	  In	  the	  presence	  
of	   proliferation,	   the	   continual	   division	   of	   well-­‐attached	   daughter	   cells	   can	   also	   act	   to	  
enhance	  clustering	  [31].	  While	  cell	  clustering	  brought	  on	  by	  cell-­‐cell	  adhesion	  is	  viewed	  as	  
the	  more	  common	  mechanism	   that	  brings	  about	   clustering,	   it	   is	   important	   to	   realize	   that	  
cells	   lacking	   the	   ability	   to	   make	   significant	   cell-­‐cell	   contact	   can	   cluster	   too.	   These	  
mechanisms	   include	   proliferation	   coupled	   with	   slow	   migration	   [32],	   paracrine-­‐mediated	  
attraction	  of	  cells	  or	  perhaps	  mechanically-­‐induced	  cell	  compaction	  [20].	  Determining	  which	  
mechanisms	   are	   at	   play	   in	   specific	   systems	   will	   allow	   for	   approaches	   to	   control	   cell	  
clustering.	  	  
Since	   migration,	   cell-­‐substrate	   adhesion	   and	   perhaps	   proliferation	   are	   important	  
processes	   in	   the	   disassembly	   and	   assembly	   of	   cell	   clusters,	   the	   ECM	   plays	   a	   role	   in	  
regulating	   scattering	   and	   clustering	   [16,	   25,	   33,	   34].	   The	   ECM	  determines	   the	   speed	   and	  
persistence	   of	   cell	   migration,	   which	   can	   act	   to	   cluster	   cells	   [25].	   It	   also	   sets	   the	   cell-­‐
substrate	   adhesive	   force,	   so	   the	   type	   of	   the	   ECM	   ligand	   and	   its	  mechanical	   stiffness	   are	  
important	  regulators	  of	  cell	  scattering	  [16,	  23,	  35].	  For	  example,	  epithelial	  cell	  scattering	  is	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enhanced	  on	  collagen	  and	  fibronectin,	  as	  compared	  with	  laminin	  1	  and	  rigid	  substrates	  that	  
produce	   high	   traction	   forces	   promoted	   scattering,	   in	   comparison	   to	   more	   compliant	  
substrates	  [16,	  23].	  In	  addition,	  cell	  clustering	  is	  also	  enhanced	  in	  environments	  where	  cells	  
can	   exert	   large	   contractile	   forces	   [36-­‐38].	   These	   contractile	   forces	   coupled	   with	   matrix	  
degradation	  act	   to	   remodel	   the	  ECM	   [39],	  which	   in	   turn	   can	  either	  enhance	   scattering	  or	  
clustering.	  While	  there	  have	  been	  several	  recent	  quantitative	  efforts	  made	  to	  characterize	  
scattering	  and	  clustering	  on	  different	  ECM	  [16,	  25],	  this	  has	  mainly	  focused	  on	  cells	  that	  can	  
generate	   strong	   cell-­‐cell	   junctions.	   We	   were	   interested	   in	   probing	   environmental	  
determinants	   that	   lead	   to	   the	   clustering	   of	   cells	   that	   lack	   robust	   cell-­‐cell	   junctions.	  
Therefore,	  we	  constructed	  four	  types	  of	  substrates	  that	  varied	  in	  way	  in	  which	  collagen	  was	  
attached	  to	  the	  surface	  and	  in	  their	  adhesivity.	  A	  rat	  adenocarcinoma	  cell	  line	  (MTLn3)	  was	  
used	  as	  a	  model	  system	  to	  study	  scattering	  and	  clustering	   in	  cells	  that	   lack	  strong	  cell-­‐cell	  
adhesion.	  We	  developed	  a	  method	  to	  quantify	  the	  clustering	  and	  found	  higher	  clustering	  on	  
physically	   adsorbed	   collagen	   substrates	   than	   on	   covalently	   attached	   substrates.	   Higher	  
clustering	   correlated	   with	   substrates	   where	   the	   collagen	   was	   not	   stably	   attached	   and	  
desorbed	   from	   the	   surface.	   No	   significant	   difference	   in	   cell	   proliferation	   was	   observed	  
between	   the	   conditions.	   However,	   cell	   migration	   was	   enhanced	   on	   collagen	   that	   was	  
covalently	   attached	   to	   the	   surface.	   This	   indicates	   that	   the	   attachment	   mechanism	   of	  
collagen	   can	   alter	   the	   clustering	  behavior	   of	   cells	   by	   regulating	   the	  migration	   rate.	   These	  
results	  have	   importance	   in	  understanding	  how	  matrix	  remodeling	  might	  alter	  clustering	   in	  
vivo,	  but	  also	  how	  the	  immobilization	  of	  ECM	  in	  engineered	  constructs	  is	  a	  critical	  factor	  in	  
disseminating	  cells	  across	  a	  surface	  or	  throughout	  a	  matrix.	  
	  
Materials	  and	  Methods	  	  
Cell	   culture	   media	   was	   α-­‐MEM	   medium	   (Life	   Technologies,	   Grand	   Island,	   NY,	   USA)	  
containing	   5%	   fetal	   bovine	   serum	   (Life	   Technologies,	   Grand	   Island,	   NY,	   USA)	   and	   1%	  
penicillin-­‐streptomycin	  (Life	  Technologies,	  Grand	  Island,	  NY,	  USA).	  Collagen	  (Col)	  and	  poly-­‐L-­‐
lysine	  (PLL)	  solution	  contained	  rat	  tail	  collagen	  I	  (Life	  Technologies,	  Grand	  Island,	  NY,	  USA)	  
and	  poly-­‐L-­‐lysine	  hydrochloride	  (Sigma-­‐Aldrich,	  St.	  Louis,	  MO,	  USA)	  and	  was	  dissolved	  in	  UV-­‐
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sterilized	   0.5	   M	   acetic	   acid	   (Fisher	   Scientific,	   Hampton,	   New	   Hampshire,	   USA).	   Imaging	  
media	   was	   α-­‐MEM	   medium	   without	   phenol	   red	   containing	   5%	   fetal	   bovine	   serum,	   1%	  
penicillin-­‐streptomycin,	   and	   12	   mM	   HEPES	   (Fisher	   Scientific,	   Hampton,	   New	   Hampshire,	  
USA).	  The	  matrix	  metalloproteinase	  (MMP)	  inhibitor,	  GM6001	  (Calbiochem,	  EMD	  Millipore	  
Corporation,	   Billerica,	   MA,	   USA)	   was	   prepared	   at	   10	   μM	   and	   dissolved	   in	   Dulbecco's	  
Phosphate-­‐Buffered	   Saline	  with	   calcium	   and	  magnesium	   (Life	   Technologies,	  Grand	   Island,	  
NY,	  USA).	  
Cell	  Culture	  
Rat	   mammary	   adenocarcinoma	   cell	   line	   (MTLn3)	   was	   obtained	   from	   Dr	   Jeffrey	   E	   Segall	  
(Albert	  Einstein	  College	  of	  Medicine).	  Cells	  were	  maintained	  in	  cell	  culture	  media	  at	  37	  °C	  in	  
5%	  CO2	  and	  were	  passed	  every	  two	  or	  three	  days.	  
	  
Collagen	  substrate	  treatment	  
No.	  1	  1/2-­‐22	  mm	  square	   coverslips	   (Corning,	  Corning,	  New	  York,	  USA)	  were	   sonicated	  30	  
min	  in	  the	  following	  solutions	  to	  make	  squeaky	  clean	  coverslips:	  hot	  tap	  water	  with	  Versa	  
Clean	  detergent	  (Fisher	  Scientific,	  Hampton,	  New	  Hampshire,	  USA),	  hot	  tap	  water,	  distilled	  
water,	   double	   distilled	   water,	   1	   mM	   EDTA	   solution	   (Fisher	   Scientific,	   Hampton,	   New	  
Hampshire,	  USA),	  70%	  ethanol	   in	  water	  and	  100%	  ethanol.	  An	  adaptation	  of	  a	  protocol	  to	  
functionalize	   coverslips	   with	   glutaraldehyde	   was	   used	   [40,	   41].	   Cleaned	   coverslips	   were	  
soaked	   in	   a	   3	   :	   1	   sulfuric	   acid	   (Fisher	   Scientific,	   Hampton,	   New	   Hampshire,	   USA):	   30%	  
hydrogen	   peroxide	   (Fisher	   Scientific,	   Hampton,	   New	   Hampshire,	   USA)	   solution	   for	   1	   h,	  
washed	  with	   double	   distilled	  water	   and	   placed	   in	   10	  mL	   of	   1%	   aminopropyltriethylsilane	  
(Fisher	  Scientific,	  Hampton,	  New	  Hampshire,	  USA)	  in	  10	  mM	  acetic	  acid	  for	  2	  h.	  They	  were	  
then	  rinsed	  with	  double	  distilled	  water,	  spin	  dried	  and	  heat-­‐treated	  in	  an	  oven	  at	  100	  °C	  for	  
1	  h.	  Finally,	   the	  coverslips	  were	  treated	  with	  5	  mL	  of	  6%	  glutaraldehyde	  (Fisher	  Scientific,	  
Hampton,	  New	  Hampshire,	  USA)	   in	   phosphate	   buffered	   saline	   (PBS)	  without	   calcium	   and	  
magnesium	  (Gibco,	  Grand	  Island,	  New	  York,	  USA)	  for	  2	  h.	  The	  functionalized	  coverslips	  were	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stored	  in	  double	  distilled	  water	  at	  4	  °C	  until	  use.	  A	  1.8	  μg	  mL−1	  Col	  solution	  with	  or	  without	  
2	  μg	  mL−1	  PLL	  was	  added	  onto	  a	  35	  mm	  cell	  culture	  dish	  (Fisher	  Scientific,	  Hampton,	  New	  
Hampshire,	  USA)	   and	   covered	   either	   by	   a	   cleaned	   coverslip	   or	   a	   functionalized	   coverslip.	  
Alternatively,	   collagen	   was	   printed	   onto	   the	   surface.	   Flat	   polydimethylsiloxane	   (PDMS)	  
stamps	  were	  made	   by	  mixing	   184	   Silicone	   Elastomer	   Base	   (Dow	   Corning)	   with	   its	   curing	  
agent	  in	  a	  10	  :	  1	  weight	  ratio	  and	  then	  allowing	  it	  to	  spread	  on	  top	  of	  a	  fused	  silica	  master.	  
The	  master	   coated	  with	   PDMS	  was	   exposed	   to	   a	   vacuum	   to	   remove	   any	   air	   pockets	   and	  
then	  cured	  for	  an	  hour	  at	  60	  °C.	  PDMS	  stamps	  were	  sonicated	  in	  double	  distilled	  water	  and	  
in	  100%	  ethanol.	  A	  200	  μL	  collagen	  solution	  of	  75	  μg	  mL−1	  collagen	  I	  and	  25	  μg	  mL−1	  Alexa	  
Fluor	  555-­‐labeled	  collagen	   I	   in	  0.5	  M	  acetic	  acid	  was	  applied	   to	  each	  stamp.	  After	  40	  min	  
incubation,	   the	   collagen	   solution	   was	   removed	   and	   then	   the	   stamp	   was	   placed	   on	   the	  
functionalized	  coverslip	  and	  allowed	  to	  incubate	  for	  15	  min.	  Later,	  the	  stamp	  was	  removed	  
and	   the	   coverslips	   were	   incubated	   in	   the	   dark	   for	   2	   h.	   Before	   seeding	  MTLn3	   cells,	   the	  
coverslips	  were	  washed	  with	  PBS.	  
Clustering	  assay	  
MTLn3	  cells	  between	  passage	  2	  and	  20	  were	  seeded	  onto	  Phys-­‐COL	  or	  Cov-­‐COL	  substrates	  
in	   35	   mm	   cell	   culture	   dishes	   at	   an	   approximate	   density	   of	   50	   000	   cells	   per	   dish	   and	  
maintained	  in	  cell	  culture	  media	  at	  37	  °C	  in	  5%	  CO2.	  Dishes	  with	  cells	  were	  imaged	  every	  8	  h	  
from	   0	   h	   to	   48	   h.	   Phase	   contrast	   images	   were	   captured	   at	   10x	   magnification	   (NA	   0.50,	  
Nikon)	  with	  a	  charge-­‐coupled	  device	  (CoolSNAP	  HQ2,	  Photometrics)	  attached	  to	  an	  inverted	  
microscope	   (Eclipse	   Ti,	   Nikon)	   run	   by	   μManager	   [42].	   Cell	   centroids	   were	   identified	  
manually	   by	   MTrackJ	   plugins	   of	   ImageJ.	   Clustering	   was	   quantified	   in	   MATLAB	   (The	  
MathWorks,	  Natick,	  MA)	  using	  a	  radial	  distribution	  function	  (RDF)	  and	  a	  k-­‐means	  clustering	  
analysis.	  The	  peak	  and	  decay	  distance	  of	  cells	  were	  calculated	  using	  the	  MATLAB	  function	  
rdfcalc	   (from	   GUI:	   Radial	   Distribution	   Function,	   File	   ID:	   #314	   94,	   File	   exchange,	  MATLAB	  
CENTRAL).	  The	  peak	  distance	  (Rmax)	  is	  the	  distance	  that	  resulted	  in	  the	  highest	  probability.	  
The	  decay	  distance	  (R1/2max)	  is	  the	  distance	  where	  the	  probability	  equals	  the	  half	  height	  of	  
the	  peak	  occurs	   in	  a	  region	  of	  the	  RDF	  that	   is	  most	  sensitive	  to	  changes	   in	  scattering.	  The	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cell	   number	   in	   clusters	   and	   percentage	   of	   cells	   in	   clusters	  were	   quantified	   based	   on	   the	  
identified	  clusters	  and	  total	  cell	  number.	  Clusters	  were	  identified	  using	  a	  k-­‐means	  clustering	  
approach.	   Briefly,	   if	   the	   centroid	   of	   a	   cell	   was	   greater	   than	   26	  μm	   from	   every	   other	   cell	  
centroid,	  this	  cell	  was	  defined	  as	  single	  cell	  and	  its	  centroid	  was	  deleted	  from	  the	  centroid	  
matrix	  used	  by	  the	  k-­‐means	  clustering	  algorithm.	  After	  this	  first	  cut,	  clusters	  were	  identified	  
using	   the	   k-­‐means	   function	   in	   MATLAB.	   Cluster	   number	   was	   determined	   by	   an	   iterative	  
process	  of	  calculating	  the	  percentage	  of	  variance.	  The	  percentage	  of	  variance	  is	  defined	  as	  
the	  between	  cluster	  variance	  divided	  by	  the	  total	  variance.	  However,	   the	  between	  cluster	  
variance	   is	   simply	   equal	   to	   the	   total	   variance	   minus	   the	   within	   cluster	   variance,	   and	  
consequently,	  the	  percentage	  variance	  is	  governed	  by	  the	  following	  equation:	  
	  
Where	  Di,cell-­‐cluster	   is	   the	   cell	   centroid	   to	   cluster	   centroid	   distance,	  Ncell	   is	   the	  
number	  of	  cells	   in	  each	  image	  and	  Djk,cell–cell	   is	  the	  distance	  between	  cell	  centroids.	  The	  
numerator	  is	  the	  within	  cluster	  variance	  and	  the	  denominator	  is	  the	  total	  variance.	  Cluster	  
number	  was	  tested	  from	  two	  to	  Ncell	  and	  the	  percentage	  of	  variance	  was	  calculated.	  When	  
the	  percentage	  of	  variance	  reached	  a	  target,	  the	  iteration	  stopped	  and	  that	  cluster	  number	  
was	   the	  set	  as	   the	   final	  cluster	  number.	  Qualitatively,	  clusters	  were	  split	  or	  merged	   if	   the	  
percentage	  of	   variance	   target	  was	   set	   too	  high	  or	   low,	   respectively.	  However,	   choosing	  a	  
percentage	  of	  variance	  between	  0.9	  and	  0.9995	  did	  not	  change	  the	  qualitative	  differences	  
between	  physically	  adsorbed	  and	  covalently	   linked	  collagen,	  even	  though	  the	  quantitative	  
values	  of	   the	  mean	   cell	   number	   in	   clusters	  was	  different.	   Consequently,	   a	   value	  of	   0.995	  
was	  chosen.	  
Collagen	  degradation	  and	  uptake	  assay	  
Collagen	   was	   labeled	   using	   Alexa	   Fluor	   555	   carboxylic	   acid,	   succinimidylester	   (Life	  
Technologies,	  Grand	  Island,	  NY,	  USA)	  and	  was	  attached	  to	  the	  surface	  at	  a	  concentration	  of	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1.8	  μg	  mL−1.	  For	  substrates	  with	  cells,	  MTLn3	  cells	  in	  imaging	  media	  were	  then	  flowed	  into	  
this	   chamber	  at	  an	  approximate	  density	  of	  25	  000	  cells	  per	   coverslip.	   For	   substrates	  with	  
cells	  plus	  GM6001,	  0.25	  μM	  GM6001	  solution	  was	  added	  into	  the	  chamber.	  For	  substrates	  
without	   cells,	   only	   the	   imaging	  media	  was	   flowed	   into	   the	   chamber.	   The	   chambers	  were	  
then	   sealed	   with	   VaLaP	   and	   imaged	   on	   a	   heated	   stage.	   For	   the	   degradation	   assay,	  
differential	  interference	  contrast	  (DIC)	  images	  were	  captured	  at	  0,	  6	  and	  24	  h	  using	  a	  40x	  oil	  
objective	  (NA	  1.30,	  Nikon,	  Melville,	  NY,	  USA)	  using	  the	  same	  imaging	  system	  as	  mentioned	  
above.	   Epifluorescence	   (EPI)	   images	   were	   captured	   at	   0,	   6	   and	   24	   h	   using	   the	   same	  
objective	  with	   an	  excitation	   filter	   ET555/25x	  and	  an	  emission	   filter	   ET605/52m	   (Chroma).	  
The	   fluorescence	   intensity	   of	   the	   whole	   image	   was	   quantified	   using	   ImageJ.	   Collagen	  
density	   was	   quantified	   by	   drying	   a	   drop	   of	   a	   known	   volume	   of	   collagen	   solution	   and	  
measuring	   the	   fluorescence	   under	   the	   same	   conditions	   as	   the	   experiments.	   The	   specific	  
fluorescence	   for	   Cov-­‐COL	   and	   Phys-­‐COL	   surfaces	   was	   estimated	   as	   being	   0.1–0.5	  
(#/μm2)/au	  This	  places	  the	  range	  on	  initial	  collagen	  coverage	  at	  200–1000	  #/μm2	  for	  Phys-­‐
COL	  and	  100–500	  #/μm2	  for	  Cov-­‐COL.	  For	  the	  uptake	  assay,	  MTLn3	  cells	  were	  incubated	  for	  
6	  h	   in	   cell	   culture	  media	  at	  37	   °C	   in	  5%	  CO2,	  mounted	   into	   the	  chambers	  and	   time	   lapse	  
images	  were	  taken	  using	  the	  same	   imaging	  system	  as	  mentioned	  above.	  DIC	   images	  were	  
captured	   every	   2	   min,	   while	   EPI	   images	   were	   taken	   every	   2	   h.	   The	   cells	   were	   manually	  
selected	   according	   to	   the	   DIC	   images	   and	   then	   the	   fluorescent	   intensity	   of	   the	   cells	  was	  
quantified	  based	  on	  the	  EPI	  images	  using	  ImageJ.	  
Cell	  migration	  assay	  
The	   cell	  migration	   assay	  was	  performed	  based	  on	   the	  previous	  work	   [43].	   Briefly,	  MTLn3	  
cells	   were	   incubated	   on	   3	   μg	   mL−1	   collagen	   substrates	   for	   6	   h	   and	   were	   mounted	   into	  
perfusion	  chambers	   (Warner	   Instruments,	  Hamden,	  CT,	  USA)	   in	   imaging	  media.	  Chambers	  
were	   imaged	  on	  an	  automated	  heating	  stage	  every	  2	  min	  for	  12	  h.	  Phase	  contrast	   images	  
were	   captured	   using	   a	   10x	   objective	   (NA	   0.30,	   Nikon)	   using	   the	   same	   imaging	   system	   as	  
mentioned	   above.	   Cell	   centroids	  were	   identified	  manually	   by	  MTrackJ	   plugins	   of	   ImageJ.	  
Instantaneous	  cell	  speed	  was	  calculated	  by	  measuring	  the	  cell	  displacement	  and	  dividing	  it	  
191	  
 
 
by	  the	   time	   interval,	  2	  min	  This	  value	  was	  averaged	  over	   the	  entire	   timelapse	   for	  all	   cells	  
under	  one	  condition.	  The	  average	  mean-­‐squared	  displacement	  (MSD)	  was	  calculated	  using	  
all	  the	  cells	  from	  one	  condition.	  These	  data	  can	  be	  fitted	  a	  persistence	  random	  walk	  model	  
[44–46],	  
	  
Using	   a	   nonlinear	   least	   square	   regression	   analysis	   to	   yield	   a	  model	   speed,	   S,	   and	  model	  
persistence	  time,	  P.	  As	  the	  time	  lag,	  t,	  grows	  large	  the	  asymptotic	  behavior	  shows	  that	  the	  
slope	  defines	  the	  random	  motility	  coefficient,	  D	  and	  is	  governed	  by	  the	  following	  equation:	  
	  
where	   n	   is	   the	   number	   of	   dimensions	   and	   S	   and	   P	   are	   defined	   as	   above.	   The	   random	  
motility	  coefficient,	  D,	  can	  either	  be	  calculated	  using	  equation	  (3)	  after	  the	  nonlinear	  fit	  or	  
by	   fitting	   the	  MSD	   curves	   at	   long	   times	  with	   a	   linear	   equation.	   Both	   approaches	   yielded	  
similar	  results.	  
Immunofluorescence	  and	  adhesion	  analysis	  
Cells	   were	   fixed	   using	   paraformaldehyde,	   permeabolized	   with	   triton-­‐X	   and	   stained	   with	  
alexa	   488-­‐phalloidin	   (Life	   Technologies),	   mouse	   anti-­‐paxillin	   (349,	   BD	   Biosciences)	   and	   a	  
donkey-­‐anti	  mouse	  Cy5	  antibody	   (Jackson	   ImmunoResearch)	  as	  described	  elsewhere	   [47].	  
Images	   of	   focal	   adhesions	   were	   taken	   using	   a	   60x	   objective	   (NA	   1.49,	   Nikon)	   under	   EPI	  
illumination.	  Adhesions	  were	  quantified	  using	  image-­‐processing	  tools	  on	  ImageJ	  as	  follows.	  
A	   rolling	   ball	   background	   subtraction	   algorithm	  was	   used,	   followed	   by	   a	  median	   filter.	   A	  
histogram	  of	   gray	   values	   for	   pixels	   in	   the	   resulting	   image	  was	   obtained	   and	  plotted	  on	   a	  
logarithmic	  scale.	  The	  gray	  value	  corresponding	  to	  the	  change	  in	  slope	  of	  the	  histogram	  was	  
used	   to	   select	   the	   threshold	  gray	  value	   to	   identify	  areas	  of	   the	   image	   that	   correspond	   to	  
adhesions.	   A	   binary	   operation	   was	   applied	   using	   the	   threshold	   gray	   value.	   Adhesion	  
integrated	   intensity	   (area	  ×	  mean	  gray	  value),	  number	  of	  adhesions	  per	  cell	  and	  adhesion	  
area	  were	  quantified	  for	  each	  condition.	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Results	  
Mechanism	  of	  collagen	  attachment	  regulates	  cell	  clustering	  
Collagen	  is	  a	  large	  charged	  protein	  that	  can	  physically	  adsorb	  to	  bare	  surfaces	  (Phys-­‐COL)	  or	  
covalently	   react	   with	   functionalized	   surfaces	   (Cov-­‐COL).	   Both	   approaches	   are	   commonly	  
used	  to	  render	  glass	  coverslips	  or	  other	  surfaces	  adhesive	  towards	  cells.	  We	  observed	  that	  
these	   different	   collagen	   attachment	  mechanisms	   altered	   the	   clustering	   behavior	   of	   a	   rat	  
adenocarcinoma	  cell	  line	  (MTLn3).	  MTLn3	  cells	  adhered	  to	  Phys-­‐COL	  substrates	  and	  formed	  
noticeable	  clusters	  after	  8	  h	  (figure	  1(a));	  whereas	  those	  adhered	  to	  Cov-­‐COL	  substrates	  did	  
not	   cluster	   as	   tightly	   (figure	   1(b)).	   Interestingly,	   this	   clustering	   was	   not	   due	   to	   cell–cell	  
contact	   as	   in	  other	  epithelial	   cells,	   because	  MTLn3	   cells	   are	  highly	  metastatic	   and	  do	  not	  
form	  cell–cell	  contacts.	  We	  were	  interested	  in	  quantifying	  the	  clustering,	  so	  we	  logged	  the	  
position	  of	   the	  nucleus	  of	   each	   cell	   (figures	  2(a)	   and	   (b)).	  A	  RDF	  was	   calculated	   from	   the	  
positional	  data	  (figure	  2(c)).	  The	  RDF	  describes	  the	  probability	  of	  finding	  a	  cell	  at	  a	  distance	  
from	  a	  given	  reference	  cell.	  In	  addition,	  a	  k-­‐means	  clustering	  algorithm	  was	  used	  to	  identify	  
clusters.	   These	   two	   quantitative	   approaches	   formed	   the	   basis	   of	   our	   analysis.	   Different	  
parameters,	  peak	  distance	  (R)	  and	  decay	  distance	  (R1/2max)	  were	  calculated	  from	  the	  RDF	  
(figure	  2(c)).	  Larger	  R	  and	  R1/2max	  values	  indicate	  more	  scattered	  and	  less	  clustered	  cells.	  
To	   complement	   this	   data,	   the	   percentage	   of	   cells	   in	   clusters	   was	   calculated	   from	   the	   k-­‐
means	  clustering	  analysis.	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Figure	   1.	  Attachment	  mechanism	  of	   collagen	   produces	   differences	   in	   clustering	   in	  MTLn3	  
cells.	  (a)	  Phys-­‐COL	  and	  (b)	  Cov-­‐COL	  substrates.	  Cells	  were	  imaged	  after	  incubation	  for	  0,	  8,	  
16,	  24,	  32	  and	  48	  h	  in	  5%	  serum	  α-­‐MEM	  medium.	  Scale	  bar	  is	  100	  μm.	  
	  
	  
	  
Figure	  2.	  Schematic	  illustrating	  cluster	  analysis.	  (a)	  Original	  phase	  contrast	  image,	  (b)	  plot	  of	  
cell	   and	   cluster	   positions	   and	   (c)	   plot	   of	   radial	   distribution	   function	   (RDF)	   showing	   peak	  
distance	  (R)	  and	  decay	  distance	  (R1/2max).	  The	  blue	  dots	  in	  (b)	  represent	  the	  centroids	  of	  
cells	   in	   (a)	   and	   the	   different	   colored	   circles	   in	   (b)	   represent	   the	   cells	   in	   a	   cluster.	   The	  
asterisks	  in	  (b)	  represent	  the	  centroids	  of	  clusters.	  Scale	  bar	  is	  100	  μm.	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Since	   cells	  were	   less	   clustered	   on	   Cov-­‐COL	   surface,	   but	   appeared	   to	   spread	  more	  
quickly	  (figure	  1),	  we	  decided	  to	  examine	  whether	  the	  clusters	  were	  caused	  by	  differences	  
in	  non-­‐specific	   adhesivity	   of	   the	   substrate.	   Therefore,	  we	  added	  an	   adhesive	   component,	  
PLL,	   to	   both	   substrates	   and	   observed	   cell	  morphologies	   on	   the	   four	   different	   substrates:	  
Phys-­‐COL,	   Cov-­‐COL,	   Phys-­‐COL	  +	  PLL	   and	   Cov-­‐COL	  +	  PLL	   (figure	   3).	   Moderate	   differences	  
were	  seen	  in	  the	  cell	  spreading	  area	  over	  time	  between	  Phys-­‐COL	  and	  Cov-­‐COL,	  but	  PLL	  did	  
not	   seem	   to	   dramatically	   impact	   cell	   spreading	   (figure	   S1).	   Cells	   on	   Phys-­‐COL	   substrates	  
formed	  tighter	  clusters	  and	  were	  less	  spread	  than	  cells	  on	  Cov-­‐COL	  substrates	  (figure	  3	  and	  
S1).	  The	  PLL	  treatment	  only	  marginally	  altered	  the	  clustering	  (figure	  3).	  In	  order	  to	  support	  
these	  qualitative	  observations,	  we	  quantitatively	  analyzed	  the	  clustering	  behavior	  using	  the	  
approaches	  described	  above.	  
	  
	  	  	  
	  
	  
	  
Figure	  3.	  PLL	  does	  not	  dramatically	  affect	  clustering	  on	  different	  substrates.	   (a)	  Phys-­‐COL,	  
(b)	  Cov-­‐COL,	   (c)	  Phys-­‐COL	  +	  PLL	  and	   (d)	  Cov-­‐COL	  +	  PLL.	  Cells	  were	   imaged	  after	   incubation	  
for	  24	  h	  in	  5%	  serum	  α-­‐MEM	  medium.	  Scale	  bar	  is	  100	  μm.	  
	  
To	  quantify	   the	   clustering	  behavior	  on	   the	   four	  different	   substrates,	  we	  measured	  
peak	  distance	  (R),	  decay	  distance	  (R1/2max),	  cell	  number	  in	  clusters,	  percentage	  of	  cells	  in	  
clusters,	  RDF	  of	  cells	  and	  RDF	  of	  clusters	  over	  time	  (figures	  4,	  S2	  and	  S3).	  Clear	  differences	  
were	  seen.	  Enhanced	  clustering	  on	  physically	  adsorbed	  collagen	  resulted	   in	  smaller	  values	  
of	   both	  R	   and	  R1/2max	   (figures	   4(a)	   and	   (d))	   and	   a	   larger	  mean	   cell	   number	   in	   clusters	  
(figure	  4(b)).	  Finally,	  the	  most	  dramatic	  difference	  was	  seen	  in	  the	  percentage	  of	  cells	  that	  
existed	   in	   clusters.	   After	   8	   h,	   the	   percentage	   of	   cells	   in	   clusters	   on	   covalently	   attached	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collagen	  decreased	  by	  roughly	  50%	  over	  the	  next	  16	  h,	  whereas	  the	  percentage	  of	  cells	   in	  
clusters	  on	  physically	  adsorbed	  collagen	  remained	  constant	   (figure	  4(c)).	  The	  difference	   in	  
either	   mean	   cluster	   size	   or	   percentage	   of	   cells	   in	   clusters	   between	   physically	   adsorbed	  
collagen	  and	  covalently	  attached	  collagen	  is	  shown	  in	  figures	  4(e)	  and	  (f)	  and	  appears	  to	  be	  
maximal	  at	  or	  after	  16	  h.	  In	  addition,	  a	  comparison	  of	  the	  distributions	  shows	  that	  physically	  
adsorbed	  collagen	  produces	  fewer	  single	  cells	  and	  more	  2-­‐,	  3-­‐	  and	  4-­‐cell	  clusters	  at	  16	  and	  
32	   h	   (figures	   4(g)-­‐(f)).	   These	   data	   suggest	   that	   the	   largest	   effect	   on	   clustering	   was	   the	  
mechanism	   of	   attachment	   of	   collagen,	   with	   a	   smaller	   effect	   due	   to	   the	   non-­‐specific	  
adhesivity	  of	  the	  substrate.	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	   4.	  Quantification	   of	   cell	   clustering	   over	   time	   on	   different	   substrates.	   (a)	   Peak	  
distance	  (R)	  of	  cells,	  (b)	  mean	  cell	  number	  in	  clusters,	  (c)	  percentage	  of	  cells	  in	  clusters	  (d)	  
and	  decay	  distance	   (R1/2max)	  are	  shown.	  The	  black	  open	  circle	  represents	  Phys-­‐COL.	  The	  
gray	  filled	  circle	  represents	  Cov-­‐COL.	  The	  black	  open	  square	  represents	  Phys-­‐COL	  +	  PLL.	  The	  
gray	   filled	   square	   represents	   Cov-­‐COL	  +	  PLL.	   The	   difference	   between	   the	   (e)	   mean	   cell	  
number	   in	   clusters	   or	   (f)	   the	   percentage	   of	   cells	   in	   clusters	   for	   physically	   adsorbed	   and	  
covalently	  attached	  conditions	  for	  both	  substrates	  lacking	  PLL	  (circle)	  and	  with	  PLL	  (square).	  
The	  gray	  region	  denotes	  areas	  where	  the	  differences	  are	  not	  significant	  to	  95%	  confidence.	  
Example	  distributions	   for	   cluster	   sizes	   less	   than	   five	  cells	  at	   (g)	  0	  h,	   (h)	  16	  h	  and	   (i)	  32	  h.	  
White/black	  bars	  are	  phyically	   adsorbed	   substrates	  and	  gray	  bars	  are	   covalently	  attached	  
substrates.	  White	  and	  light	  gray	  bars	  represent	  substrates	  without	  PLL	  and	  black	  and	  dark	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gray	  bars	  representsubstrates	  with	  PLL.	  Error	  bars	  are	  95%	  confidence	  intervals.	  
	  
Covalent	  collagen	  attachment	  inhibits	  desorption	  and	  uptake	  by	  cells	  
Given	   that	   collagen	   attachment	   to	   the	   surface	   drives	   clustering,	   we	   were	   interested	   in	  
determining	   if	   the	   surface	   coverage	   of	   collagen	   was	   different	   between	   conditions	   and	  
whether	  it	  changed	  over	  time.	  To	  determine	  this,	  we	  used	  Alexa	  Fluor	  555-­‐labeled	  collagen	  
to	   construct	  Phys-­‐COL	  and	  Cov-­‐COL	   substrates	  and	  quantified	   the	   fluorescent	   intensity	  of	  
the	   whole	   image	   over	   time.	   We	   examined	   substrates	   with	   and	   without	   cells.	   However,	  
because	   MTLn3	   cells	   are	   known	   to	   express	   MMPs,	   which	   could	   cleave	   and	   potentially	  
release	   collagen	   from	   the	   surface,	   we	   also	   treated	   cells	   with	   a	   broad	   spectrum	   MMP	  
inhibitor,	  GM6001.	  Although	  the	  bulk	  concentrations	  of	   fluorescent	  collagen	  used	  to	  treat	  
both	   substrates	   were	   the	   same,	   the	   fluorescence	   on	   the	   Phys-­‐COL	   substrates	   was	  
approximates	   two-­‐fold	   larger	   than	   that	   on	   Cov-­‐COL	   substrates	   (figure	   5).	   Collagen	  
fluorescence	   on	   the	   Phys-­‐COL	   substrates	   decreases	   dramatically	   over	   time,	   which	   is	  
interesting,	   given	   the	   common	  use	  of	   this	  protocol	   (figure	  5(a)).	   Some	  of	   this	  decrease	   is	  
inhibited	  by	  GM6001	  at	  6	  h	  but	  most	  occurs	  even	   in	   the	  absence	  of	   cells,	   indicating	   that	  
collagen	  desorption	  is	  the	  largest	  contributor	  to	  the	  fluorescence	  decrease	  as	  compared	  to	  
blocking	  enzymatic	  cleavage	  of	  collagen.	  Cov-­‐COL	  substrates	  differ.	  Under	  no	  condition	  does	  
the	   fluorescence	   decrease.	   In	   the	   absence	   of	   cells,	   fluorescence	   remains	   constant.	  When	  
cells	   are	   present,	   but	   proteinase	   activity	   is	   inhibited	   with	   GM6001,	   fluorescence	   is	  
moderately	   higher,	   but	   not	   statistically	   significantly	   higher.	   When	   cells	   are	   present	   and	  
proteinase	  activity	  is	  not	  inhibited,	  fluorescence	  actually	  increases.	  However,	  closely	  packed	  
fluorophores	   on	   proteins	   are	   known	   to	   quench,	   generating	   enhanced	   fluorescence	   [48].	  
While	  our	  dye	  to	  protein	  ratio	  is	  two,	  below	  a	  ratio	  that	  induces	  robust	  quenching	  (>5),	  it	  is	  
possible	   that	   close	   packing	   and	   covalent	   attachment	   to	   the	   surface	   places	   dyes	   in	   close	  
proximity.	   This	   would	   result	   in	   (1)	   a	   lower	   initial	   fluorescence	   than	   Phys-­‐COL	   and	   (2)	   an	  
increase	   in	   fluorescence	   in	   response	   to	   proteinases	   released	   from	   cells,	   consistent	   with	  
results	  shown	  in	  figure	  5(b).	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Figure	   5.	  Quantification	   of	   surface	   collagen	   density.	   (a)	   Phys_COL	   and	   (b)	   Cov_COL.	   The	  
black	  circles	  represent	  substrates	  with	  MTLn3	  cells.	  The	  black	  squares	  represent	  substrates	  
without	   cells.	   The	   open	   squares	   represent	   substrates	   with	   cells	   treated	   with	   an	   MMP	  
inhibitor	  GM6001.	  Error	  bars	  are	  95%	  confidence	  intervals.	  
	  
Another	  approach	   to	  quantify	   the	  amount	  of	  collagen	   that	  desorbs	   from	  the	  surface	   is	   to	  
measure	  the	  uptake	  of	  fluorescent	  collagen	  by	  the	  cells.	  To	  investigate	  how	  much	  collagen	  
is	   taken	   up	   after	   cleavage	   or	   desorption	   from	   the	   surface,	   we	   imaged	   cells	   on	   the	   four	  
different	  substrates	  with	  fluorescently	  labeled	  collagen	  and	  quantified	  the	  mean	  fluorescent	  
intensity	  of	  the	  cells	  on	  four	  substrates	  over	  time.	  The	  fluorescent	  intensity	  of	  the	  cells	  on	  
physically	   adsorbed	   collagen	   substrates	  was	  higher	   than	   the	   surrounding	  areas,	  while	   the	  
fluorescent	   intensity	  of	   the	  cells	  on	  covalently	  attached	  substrates	  did	  not	  differ	   from	  the	  
surrounding	   area	   (figure	   6).	   The	   intensity	   of	   collagen	   inside	   the	   cells	   was	   quantified	   and	  
increased	   with	   time	   on	   physically	   adsorbed	   collagen	   substrates	   (figures	   7(a)	   and	   (c)).	  
However,	   cell	   fluorescence	  was	  much	  more	  stable	  on	  substrates	  with	  covalently	  attached	  
collagen	   (figures	  7(b)	  and	   (d)).	  This	  coupled	  with	  quantification	  of	  collagen	  on	  the	  surface	  
indicate	  that	  surfaces	  with	  covalent	  collagen	  attachment	  have	  a	  higher	  collagen	  density	  and	  
are	   more	   resistant	   to	   desorption	   than	   surfaces	   with	   physically	   adsorbed	   collagen.	   This	  
difference	   in	   collagen	   surface	   coverage	   contributes	   to	   the	   differences	   in	   clustering.	  
However,	  why	  do	  cells	  exposed	  to	  different	  collagen	  surface	  coverage	  cluster	  differently?	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Figure	   6.	  Uptake	   of	   collagen	   by	   cells	   on	   different	   substrates.	   (a)	   Differential	   interference	  
contrast	  image	  of	  cells	  (a,	  c,	  e	  and	  g)	  and	  epifluorescence	  image	  of	  Alexa	  Fluor	  555-­‐labeled	  
collagen	  (b,	  d,	  f	  and	  h)	  on	  Phys-­‐COL	  (a	  and	  b),	  Cov-­‐COL	  (c	  and	  d),	  Phys-­‐COL	  +	  PLL	  (e	  and	  f)	  
and	   Cov-­‐COL	  +	  PLL	   (g	   and	   h).	   (b)	   and	   (f)	   as	   well	   as	   (d)	   and	   (h)	   were	   scaled	   to	   the	   same	  
background	  level.	  Scale	  bar	  is	  20	  μm.	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	  7.	  Quantification	  of	  the	  uptake	  of	  collagen	  by	  cells	  on	  different	  substrates.	  (a)	  Phys-­‐
COL,	   (b)	   Cov-­‐COL,	   (c)	   Phys-­‐COL	  +	  PLL	   and	   (d)	   Cov-­‐COL	  +	  PLL.	   Different	   symbols	   and	   lines	  
represent	  different	  experiments.	  Insert	  of	  (a)	  is	  the	  enlarged	  image	  of	  experiment	  1	  and	  2	  in	  
(a).	  Error	  bars	  are	  95%	  confidence	  intervals.	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Cell	  proliferation	  does	  not	  explain	  clustering	  differences	  on	  different	  substrates	  
Given	  that	  the	  mechanism	  of	  collagen	  attachment	  to	  the	  surface	  results	  in	  different	  
surface	  coverage	  of	  collagen	  over	  time,	  we	  were	  interested	  in	  determining	  whether	  this	  had	  
an	  effect	  on	  proliferation.	  A	  simple	  conceptual	  model	  for	  scattering	  and	  clustering	  of	  cells	  
that	   interact	  weakly	   involves	  the	  two	  processes	  of	  production	  (proliferation)	  and	  diffusion	  
(random	  cell	  migration).	  The	  production	  rate	  is	  characterized	  by	  the	  doubling	  time	  which	  is	  
the	   average	   time	   between	   cell	   divisions.	   When	   a	   cell	   divides,	   it	   forms	   a	   cluster	   of	   two.	  
Unless	  these	  two	  migrate	  away	  from	  each	  other	  before	  the	  next	  division,	  a	  cluster	  of	  four	  
will	   be	   formed.	   The	   diffusion	   rate	   is	   characterized	   by	   two	   parts:	   random	   cell	   migration	  
speed	  and	  persistence.	  Consequently,	  scattering	  will	  occur	  for	  high	  diffusion	  rates	  relative	  
to	   production	   rates,	   whereas	   clustering	   will	   occur	   for	   low	   diffusion	   rates	   relative	   to	  
production	  rates.	  Do	  cells	  on	  Phys-­‐COL	  substrates	  proliferate	  at	  a	  higher	  rate	  than	  those	  on	  
Cov-­‐COL	  substrates	  causing	  the	  increase	  in	  clustering?	  The	  total	  cell	  number	  over	  time	  was	  
quantified	   on	   the	   four	   different	   substrates	   to	   examine	   this	   question.	   There	   was	   no	  
significant	  difference	  in	  normalized	  total	  cell	  number	  between	  substrates	  until	  40	  h,	  much	  
after	  distinctions	  in	  clustering	  arose	  (figure	  8).	  Therefore,	  differences	  in	  clustering	  were	  not	  
caused	  by	  differences	  in	  cell	  proliferation	  rates.	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	  8.	  Quantification	  of	  cell	  proliferation	  over	   time	  on	  different	   substrates.	  Normalized	  
total	  cell	  number	  was	  calculated.	  The	  black	  open	  circles	  represent	  Phys-­‐COL.	  The	  gray	  filled	  
circles	  represent	  Cov-­‐COL.	  The	  black	  open	  squares	  represent	  Phys-­‐COL	  +	  PLL.	  The	  gray	  filled	  
squares	  represent	  Cov-­‐COL	  +	  PLL.	  Error	  bars	  are	  95%	  confidence	  intervals.	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Cell	  migration	  does	  explain	  clustering	  differences	  on	  different	  substrates	  
Given	   that	   proliferation	   rates	   were	   the	   same	   among	   cells	   plated	   on	   collagen	  
attached	  to	  substrates	  through	  different	  mechanisms,	  we	  wanted	  to	  determine	  if	  diffusion	  
rates,	  set	  by	  the	  cell	  migration	  speed	  and	  persistence	  time,	  were	  the	  same	  among	  different	  
substrates.	   We	   tracked	   cell	   nuclei	   over	   time	   on	   Phys-­‐COL	   and	   Cov-­‐COL	   substrates,	  
calculated	  instantaneous	  cell	  migration	  speed	  (figure	  9(a))	  and	  fitted	  the	  MSD	  with	  the	  long	  
time	   lag	   asymptotic	   solution	   of	   a	   persistent	   random	   walk	   model	   (figure	   9(b)).	   Both	   the	  
speed	  and	  the	  motility	  coefficient	  of	  MTLn3	  cells	  on	  Phys-­‐COL	  were	  lower	  than	  that	  on	  Cov-­‐
COL	  (figures	  9(a)	  and	  (c)).	  Given	  that	  focal	  adhesion	  and	  cytoskeleton	  structure	  is	  related	  to	  
cell	   migration,	   we	   examined	   these	   features	   using	   immunofluorescence	   (figure	   10).	   The	  
adhesion	   number	   and	   integrated	   intensity	   was	   about	   the	   same	   (figures	   10(b)	   and	   (c)).	  
However,	  the	  F-­‐actin	  cytoskeleton	  was	  organized	  into	  brighter,	  thicker	  bundles	  and	  paxillin	  
staining	  revealed	  larger,	  more	  stable	  focal	  adhesions	  on	  Phys-­‐COL	  substrates	  as	  compared	  
with	   Cov-­‐COL	   substrates	   (figures	   10(a)	   and	   (d)).	   These	   features	   are	   commonly	   seen	   in	  
slower	   migrating	   cells	   and	   are	   in	   line	   with	   our	   migration	   data.	   The	   decrease	   in	   motility	  
coefficient	  results	  in	  a	  lower	  diffusion	  rate	  for	  cells	  plated	  on	  Phys-­‐COL	  as	  compared	  to	  Cov-­‐
COL	  substrates	  and	  leads	  to	  enhanced	  clustering.	  
	  
	  
	  
	  
	  
	  
	  
Figure	   9.	  Quantification	   of	   cell	   migration	   on	   different	   substrates.	   Cells	   were	   tracked	   and	  
motility	  characteristics	  were	  calculated.	  (a)	  Instantaneous	  cell	  speed	  was	  measured	  for	  cells	  
plated	  on	  both	  Phys-­‐COL	  and	  Cov-­‐COL	  substrates.	  (b)	  The	  means	  squared	  displacement	  as	  a	  
function	   of	   time	   lag	   for	   cells	   plated	   on	   both	   Phys-­‐COL	   (black	   circles)	   and	   Cov-­‐COL	   (gray	  
circles).	  The	  long	  time	  behavior	  is	  fitted	  with	  a	  linear	  equation.	  (c)	  The	  motility	  coefficient	  is	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the	  slope	  of	  the	  linear	  fit	  of	  the	  long	  time	  behavior	  and	  is	  shown	  for	  both	  Phys-­‐COL	  and	  Cov-­‐
COL	  substrates.	  Error	  bars	  represent	  95%	  confidence	  intervals.	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	  10.	  Quantification	  of	   focal	  adhesion	  characteristics.	   (a)	  MTLn3	  cells	  were	  plated	  on	  
Phys-­‐COL	  and	  Cov-­‐COL	  substrates	  for	  16	  h,	  fixed	  and	  stained	  for	  adhesions	  (paxillin)	  and	  the	  
cytoskeleton	   (F-­‐actin).	   Adhesions	   were	   segmented	   and	   (b)	   adhesion	   size,	   (c)	   number	   of	  
adhesions	  per	  cell	  and	  (d)	  integrated	  intensity	  were	  quantified.	  The	  calibration	  bar	  is	  30	  μm	  
and	  error	  bars	  represent	  95%	  confidence	  intervals.	  
	  
Discussion	  
In	  cells	  that	  generate	  firm	  cell–cell	  contact,	  scattering	  or	  clustering	  is	  a	  competition	  
between	   cell–cell	   versus	   cell–substrate	   adhesivity	   [16].	   If	   the	   cell–cell	   adhesive	   force	   is	  
stronger	   than	   the	   cell–substrate	   adhesive	   force,	   cells	   will	   tend	   to	   remain	   clustered	   as	  
opposed	   to	   scattering	   when	   contractility	   increases.	   If	   contractility	   increases	   dramatically	  
and	  cells	  to	  not	  detach	  from	  each	  other,	  retraction	  will	  occur	  [47].	  Growth	  factors	  or	  other	  
regulators	   can	   initiate	   scattering	   by	   either	   decreasing	   the	   cell–cell	   adhesive	   force	   or	  
increasing	  the	  cell–substrate	  adhesive	  force.	  When	  the	  ECM	  is	  presented	  under	  conditions	  
of	   high	   cell–substrate	   adhesion	   (high	   concentration	   and	   stiffness),	   cells	   are	  more	   able	   to	  
scatter	   in	   response	   to	  stimulants	   [16].	  This	   is	  also	   true	   for	   stiff	   substrates	   [20,	  23],	  where	  
calculated	  traction	   forces	  have	  demonstrated	  that	  cells	  pull	   toward	  the	  middle	  of	  clusters	  
[22].	  In	  the	  case	  of	  clustering,	  migration	  drives	  the	  assembly	  of	  clusters.	  Cells	  from	  different	  
regions	   must	   find	   each	   other,	   so	   they	   search	   for	   neighbors	   using	   a	   random	   walk.	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Consequently,	  larger	  clusters	  are	  formed	  when	  migration	  rate	  is	  maximal	  [25].	  However,	  in	  
order	   to	  cluster	  cells	   that	   form	  weak	  cell–cell	   contact,	   random	  migration	   is	  not	   sufficient.	  
With	  no	  intercellular	  adhesion,	  random	  migration	  acts	  to	  disperse	  cells.	  Consequently,	  there	  
are	  only	   two	  mechanisms	   that	   can	  explain	   cell	   clustering	   in	   cells	   that	   lack	   strong	  cell–cell	  
junctions.	  The	  first	  involves	  paracrine	  attraction	  between	  cells	  [28,	  29].	  Here	  the	  paracrine	  
attraction	   acts	   as	   the	   assembling	   factor	   rather	   than	   cell–cell	   adhesion.	   In	   addition,	   high	  
proliferation	  rates	  with	  correspondingly	  low	  migration	  rates	  could	  also	  cause	  cell	  clustering.	  
Above	   we	   showed	   that	   changes	   in	   cell	   clustering	   correlate	   with	   changes	   in	   random	   cell	  
migration.	  However,	  can	  we	  rule	  out	  paracrine	  attraction	  in	  favor	  of	  a	  model	  that	  includes	  
only	  fast	  proliferation	  and	  slow	  random	  migration?	  
Perhaps	  a	  scaling	  approach	  using	  parameters	  that	  describe	  the	  rate	  of	  proliferation	  
and	   dispersion	   could	   explain	   changes	   in	   average	   cell	   spacing.	   Others	   have	   very	   elegantly	  
used	   scaling	   approaches	   built	   upon	   the	   wetting	   of	   drops	   on	   surfaces	   to	   describe	   the	  
increase	   in	   both	   spread	   area	   of	   individual	   cells	   [49]	   and	   aggregates	   of	   cells	   [50,	   51].	  
However,	  given	  that	  proliferation	   is	  a	  strong	  feature	   in	  the	  data,	  we	  hesitate	  to	  apply	  this	  
approach.	   Instead,	  we	  prefer	  to	  apply	  an	  approach	  that	  compares	  the	  relative	   importance	  
of	  proliferation	  and	  cell	  dispersion	   through	  migration.	  This	   is	   illustrated	   in	   figure	  11.	  Cells	  
are	   initially	   somewhat	   clustered	   and	   increase	   slightly	   in	   their	   clustering	  over	   the	   first	   8	  h	  
(figures	   1	   and	   4(b)	   and	   (c)).	  Moving	   forward	   in	   time	   from	   8	   h,	   several	   possibilities	   could	  
exist.	   If	   the	   proliferation	   and	   migration	   rates	   are	   nearly	   zero,	   the	   characteristic	   radius	  
should	   remain	   the	   same.	   If	   the	  proliferation	   rate	   is	   large	  and	   the	  migration	   rate	   is	  nearly	  
zero,	   the	  characteristic	   radius	   should	  decrease.	   If	   the	  proliferation	   rate	   is	  nearly	   zero	  and	  
the	  migration	  rate	  is	  large,	  the	  characteristic	  radius	  should	  increase.	  The	  conditions	  that	  we	  
examined	  in	  this	  paper	  are	  marked	  in	  figure	  11	  with	  stars.	  Because	  the	  covalently	  attached	  
collagen	  results	   in	  a	  similar	  proliferation	  rate,	  but	  higher	  migration	  rate,	  the	  characteristic	  
cluster	   radius	  should	  be	  higher	   than	  that	  of	  cells	  on	  physically	  adsorbed	  collagen.	   Indeed,	  
this	  is	  what	  we	  observe	  (figures	  4(a)	  and	  (d)).	  
203	  
 
 
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	  11.	  Schematic	  of	  the	  balance	  between	  migration	  and	  proliferation	  rates.	  Cells	  (black	  
dots)	  are	  shown	  at	  the	  time	  of	  plating	  (t	  =	  0)	  (far	  left).	  At	  t	  =	  t1	  (far	  right)	  a	  graph	  containing	  
axes	   for	   migration	   rate	   (characterized	   by	   a	   diffusion	   coefficient)	   and	   proliferation	   rate	  
(characterized	   by	   a	   reaction	   rate	   constant)	   is	   shown	   with	   schematics	   demonstrating	   the	  
distributions	  of	  cells	  under	  different	  conditions	  in	  different	  parts	  of	  the	  graph.	  Cells	  for	  each	  
condition	  are	  contained	  within	  a	  box.	  Gray	  dashed	  lines	  designate	  the	  characteristic	  cluster	  
radius	   (R	   or	   R1/2max).	   Conditions	   are	   as	   follows:	   low	   proliferation	   and	   migration	   rates	  
(lower	   left),	  high	  migration	  rate	  and	   low	  proliferation	  rate	  (upper	   left),	   low	  migration	  rate	  
and	  high	  proliferation	   rate	   (lower	   right),	  proportionally	  higher	  migration	  and	  proliferation	  
rates	   (upper	   right).	   The	   position	   on	   the	   graph	   for	   cells	   plated	   on	   covalently	   attached	  
collagen	  and	  physically	  adsorbed	  collagen	  are	  shown	  as	   the	  stars,	  with	   the	  corresponding	  
characteristic	  cluster	  radius	  shown	  in	  dashed	  gray	  lines.	  
	  
Proliferation	  rate	  is	  characterized	  by	  a	  first	  order	  rate	  constant,	  μ	  [=]	  h−1.	  Fits	  to	  the	  
time-­‐dependent	   cell	   number	   (figure	   8)	   resulted	   in	   rate	   constants	   of	   0.028	  h−1	   and	   0.031	  
h−1	  for	  Cov-­‐Col	  and	  Phys-­‐Col	  substrates,	  respectively.	  These	  equate	  to	  doubling	  times	  of	  25	  
h	  and	  22	  h	  for	  Cov-­‐Col	  and	  Phys-­‐Col	  substrates,	  respectively.	  It	  is	  interesting	  to	  note	  that	  the	  
point	   at	   which	   the	   percentage	   of	   cells	   in	   clusters	   begins	   to	   increase	   on	   the	   Cov-­‐COL	  
substrates	   is	   roughly	   around	   the	   doubling	   time.	   Dispersion	   rate	   or	   diffusion	   rate	   is	  
characterized	  by	  a	  diffusion	  coefficient,	  D	  [=]	  μm2	  h−1.	  For	  random	  migration	  the	  diffusion	  
coefficient,	   D	   is	   also	   referred	   to	   as	   the	   random	   motility	   coefficient	   and	   is	   equal	   to	   the	  
migration	   speed	   squared	   multiplied	   by	   the	   persistence	   time.	   The	   random	   motility	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coefficient	   for	   Cov-­‐Col	   and	   Phys-­‐Col	   substrates	   is	   1200	   μm2	   h−1	   and	   340	   μm2	   h−1,	  
respectively.	  Given	  random	  motility	  coefficients	  and	  proliferation	  rate	  constants,	  the	  length	  
scale	  of	  dispersion	  is	  given	  by	  the	  following	  equation:	  
	  
	  
Consequently,	   the	   ratio	   of	   dispersion	   length	   scales	   between	   the	   Cov-­‐Col	   and	   Phys-­‐Col	  
conditions	  are	  governed	  by	  the	  following	  equation:	  
	  
	  
This	   ratio	   can	   be	   directly	   calculated	   using	   the	   R1/2max	   for	   each	   of	   the	   two	  
conditions.	  The	  timescale	  that	  describes	  a	  time	  after	  sufficient	  migration	  and	  proliferation	  
have	   taken	   place,	   but	   before	   full	   confluency	   is	   16–40	   h.	   After	   40	   h,	   proliferation	   acts	   to	  
merge	  clusters.	  Between	  16–40	  h,	  the	  ratio	  given	  in	  equation	  (5)	  was	  calculated	  to	  be	  ~1.8.	  
Using	  the	  random	  motility	  coefficient	  and	  the	  proliferation	  rate	  constant	  for	  both	  conditions	  
also	   gives	   a	   ratio	  of	   2.0.	   It	   is	   possible	   that	   this	   change	   in	  decay	  distance	   could	  be	  due	   to	  
differences	   in	   spread	   area,	   however	   spread	   area	   is	   not	   appreciably	   different	   among	  
different	  conditions	  (figure	  S1).	  An	  upper	  estimate	  of	  the	  difference	  in	  spread	  area	  is	  around	  
1.4	  fold,	  which	  results	  in	  only	  a	  20%	  change	  in	  distance	  between	  cell	  centroids,	  not	  the	  ~2	  
fold	  change	  that	   is	  seen.	  This	   indicates	  that	  simple	  changes	   in	  random	  motility	  coefficient	  
can	   explain	   the	   quantitative	   difference	   in	   clustering.	   In	   addition,	   it	   suggests	   that	   while	  
paracrine	   interactions	   could	   act	   to	   assemble	   clusters,	   they	   are	   probably	   not	   at	   play	   here	  
since	  changes	  in	  random	  motility	  appear	  to	  completely	  explain	  the	  changes	  in	  clustering.	  
The	  clustering	  of	  cells	   in	  response	  to	  different	  ECM	  environments	  has	  relevance	  in	  cancer.	  
Many	  clinical	   and	  experimental	  observations	   suggest	   that	  both	   the	  weakening	  of	   cell–cell	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contacts	   and	  enhanced	  migration	   lead	   to	  metastasis	   driven	  by	   single	   cells	   [52].	  However,	  
others	   have	   found	   less	   invasive	   clusters	   of	   cells	   in	   lymph	   nodes	   [53].	   This	   suggests	   that	  
multicellular	  clusters	  can	  escape	  from	  the	  primary	  tissues	  and	  form	  emboli	  in	  blood	  vessels	  
or	   lymph	   nodes	   [54].	   The	   idea	   that	   metastases	   might	   be	   in	   fact	   multicellular	   clusters	  
provides	  motivation	   for	   the	  work	  showing	  carcinoma	  cells	  can	  escape	  suspension-­‐induced	  
apoptosis	   by	   forming	   multicellular	   clusters.	   Single	   cells	   in	   suspension	   that	   do	   not	   form	  
clusters	  undergo	  apoptosis	  [5,	  6].	  Moreover,	  the	  clustering	  of	  stromal	  cells	  might	  be	  just	  as	  
important	  as	  the	  clustering	  of	  cancer	  cells	  as	  there	  is	  some	  indication	  that	  these	  clusters	  can	  
initiate	  tumor	  invasiveness	  [55,	  56].	  Therefore,	  cell	  clustering	  plays	  an	  important	  role	  in	  the	  
formation	   of	   secondary	   tumor	   site	   by	   either	   assembling	   the	   cancer	   cells	   themselves	   or	  
reorganizing	   stromal	   cells.	   In	   addition,	   a	   firm	   understanding	   of	   clustering	   is	   required	   in	  
tissue	   engineering	   applications.	   Under	   certain	   circumstances	   clusters	   might	   be	   desired,	  
while	   other	   circumstances	  might	   require	   the	   distribution	   of	   cells	   [3].	   The	   examination	   of	  
clustering	  on	  2D	  surfaces	  does	  have	  relevance	  to	  tissue	  engineering.	  While	  3D	  matrices	  are	  
the	  first	  and	  most	  common	  type	  of	  construct	  in	  tissue	  engineering	  applications,	  engineered	  
surfaces	  are	  also	  important	  [57,	  58].	  Often	  ECM	  like	  collagen	  is	  used	  to	  make	  materials	  like	  
titanium	   for	   implants	   biocompatible	   [59].	   Knowing	   the	   best	   approach	   by	  which	   to	   attach	  
collagen	   or	   other	   ECM	   to	   the	   surface	   in	   order	   for	   the	   body	   to	   populate	   it	   with	   the	  
appropriate	  cells	  that	  are	  either	  dispersed	  or	  clustered	  will	  have	  noticeable	   impact	  on	  the	  
design	  of	  biomaterials	  like	  artificial	  hips	  and	  dental	  implants	  [60,	  61].	  
Conclusions	  
We	  observed	  that	  MTLn3	  cells	  formed	  clusters	  on	  physically	  adsorbed	  collagen	  substrates,	  
while	  on	   covalently	   attached	   collagen	   surfaces,	   cells	  were	  more	   scattered.	   This	   clustering	  
appears	   to	   be	   independent	   of	   cell–cell	   attachments	   as	   these	   cells	  make	   few	  due	   to	   their	  
highly	  metastatic	  nature.	  We	  quantified	  several	  clustering	  parameters	  based	  on	  a	  RDF	  and	  a	  
k-­‐means	  clustering	  approach	  and	  the	  quantification	  confirmed	  our	  qualitative	  observations.	  
Cells	  on	  covalently	  attached	  collagen	  surfaces	  had	  larger	  peak	  distances	  and	  decay	  distances	  
and	  resulted	  in	  lower	  percentage	  of	  cells	  in	  clusters.	  We	  found	  that	  surfaces	  with	  covalently	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attached	   collagen	   were	   more	   resistant	   to	   desorption	   of	   collagen	   than	   surfaces	   with	  
adsorbed	   collagen.	   While	   proliferation	   was	   the	   same	   on	   physically	   adsorbed	   collagen	   in	  
comparison	  to	  covalently	  attached	  collagen,	  the	  migration	  speed	  and	  persistence	  time	  were	  
much	   lower	  resulting	   in	  clustering.	  This	  study	  shows	  that	  cell	  clustering,	  even	   in	  cells	   that	  
make	   few	  cell–cell	   contacts,	   is	   regulated	   through	  ECM	  attachment	  and	   the	  modulation	  of	  
cell	  migration	  characteristics.	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